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PROSPECTS FOR STUDYING HIGH-ENERGY COSMIC RAY

PARTICLES ABOARD HEAVY AES

N. L. Grigorov

Cosmic ray study carried out by various methods has shown that /3

cosmic rays consist of a flux of atomic nuclei (hydrogen u 83%,

helium % 16%, heavier about 1%) having very different energies -

8 20
from % 10 eV to % 10 eV. Their energy distribution is de-

scribed by a power law of the form I (> E) = AE - Y , where y = 1.6 -

1.17 in the energy interval 100 - 1015 eV, and y = 2.2 for particle

energies E > 1015 eV. If the energy is expressed in 109 eV, then

A = 8 - 10 m-2sec-l sr-1 .

Primary cosmic ray protons interacting with the nuclei of air

atoms lose their energy. As a result, the flux of protons of given

energy decreases by a factor of 2.5 in an atmospheric layer 100

2 2
g/cm 2 thick. Consequently, at sea level (1000 g/cm ), the nucleon

(proton and neutron) flux will be lower by 2.510 P 10 than at the

edge of the atmosphere. Cosmic ray particle studies are often con-

ducted at mountain elevations (% 700 g/cm 2 ) in order to reduce

Numbers in the margin indicate pagination in the original foreign
text.
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somewhat the effect of high-energy particle absorption in the atmos-

phere. Although in this case the nucleon intensity increases by

about a factor of 16 in comparison with the intensity at sea level,

it still remains 600 times lower than that of the cosmic ray primary

particles of the same energy.

The complex nuclei which comprise the primary cosmic rays collide

with atomic nuclei in an air layer which is several tens of grams per

square centimeter thick, and break down into their component nucleons.

Therefore, the cosmic ray nuclear component is practically not re-

corded in the atmosphere at heights below 20 - 25 km.

If the solution of any physical problems requires experimenta-

tion with.high-energy particles, the question arises of where these

experiments should be conducted.

The fluxes of primary particles with energies 1012, 1013, 1014

eV, respectively, are equal to 300; 6; 0.1 particles/m 2 . hr - sr.

The particle flux reaches mountain altitudes weakened in intensity

by a factor of nearly 103. Therefore, tremendous installations, tens

of square meters in area, are built at mountain elevations to record

particles with energy 1012 - 1013 eV. It has not yet been possible

to record particles with energies 1014 eV in the lower part of the

atmosphere by direct methods. It would appear that a way out of this

situation would be to construct installations of still larger area, /

say 10 m 2 . However, difficulties of a fundamental nature arise in

this case.

The high-energy particles passing through the atmosphere col-

lide with atomic nuclei and lose part of their energy in the creation

of new particles - mesons. Therefore, in the depth of the atmos-

phere, high-energy nucleons are nearly always accompanied by second-

ary particles. When recording nucleons at mountain elevations using

equipment of large area, mesons will be recorded along with the

nucleons. Separation of the high-energy nucleons from the mixed
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particle flux is possible at the cost of reduction of the recorded

particle flux (which is small to start with) by tens or hundreds of

times [1]. Therefore, "pure" experiments with cosmic ray particles

of known nature with particle energies 1013 eV or higher become prac-

tically impossible in the lower part of the atmosphere.

The situation is essentially different when working with primary

cosmic ray particles. If the equipment has working area % 0.5 m , and

angular aperture about 0.4 sr, such an instrument will record one

particle an hour for particle energy 1013 eV, and one particle 
in two

days for energy 1014 eV. During several months of measurements, we

can record several thousand particles with energy 1013 eV, and hun-

dreds of particles with energy 1014 eV, under conditions of "pure"

primary particle beams, i.e., particles of precisely known nature.

The ionization calorimeter method, proposed by the author in

.1954 [2], has been widely used in recent years for measuring cosmic

ray particle energy.

In this method, we use the principle of total primary particle

energy absorption in a thick layer of matter. The equipment utiliz-

ing this principle is quite heavy. Specifically, for an absorbing

layer thickness of about 500 g/cm 2 in the example considered above,

the equipment weight reaches 3 - 4 tons. Thus, we come to the in-

evitable conclusion that recording of cosmic ray nucleons with ener-

gies 1013 - 1014 eV by direct methods requires the use of equipment

weighing at least several tons and conducting measurements in the

course of several months near or beyond the edge of the atmosphere.

It is quite obvious that these conditions can be satisfied only by

using heavy artificial Earth satellites.

The considerations mentioned above formed the basis for the

first experiments with high-energy cosmic ray particles initiated

aboard the Proton 1, 2, 3 AES. It is appropriate to examine the
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relationship between the results obtained from the Proton AES and

the tasks which still await their solution. This examination appears

to us to be useful, since it may shed some light on the question:

does the new direction in cosmic ray studies, initiated aboard the /51

Proton AES, have any promise?

In these experiments, we studied the dependence of the effective

inelastic interaction section of protons with light atomic nuclei

(hydrogen, carbon) in the energy range 20 - 600 GeV. The objective

in
of the experiment included measurement of a with accuracy of a few

p-C

percent in a wide energy interval, extending far beyond the limits

achievable during the same time period on existing accelerators.

It is well known that the results of the measurements conducted

showed a small increase of in by 20 + 5%, with proton energy varia-
p-C

tion from 20 to 600 GeV (see present volume). The second task posed

in the experiments aboard the Proton 1, 2, 3 AES concerned study of

the primary cosmic ray particles themselves in the energy range

1010 - 10141 eV, by direct methods. In these studies, an attempt was

made for the first time to study cosmic ray chemical composition in

the energy interval 1012 - 1013 eV.

The results obtained showed that the energetic distribution of

the protons and heavier nuclei in the particle energy interval

10 - 1013 eV is different - with increase of the particle energy

in this interval, the proton flux decreases more rapidly than the

heavy nuclei flux (see page 471of present volume). This result leads

to the inevitable conclusion that there is a change of cosmic ray

chemical composlition in the energy interval 1012 - 1013 eV, which is

in conflict with the prevalent concept (without adequate experimental

foundation) of constant cosmic ray chemical composition over a wide

energy interval 109 - 1015 eV.
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The program of studies aboard the Proton AES included study of

primary cosmic ray electron component energetic spectrum. Measure-

ments made aboard the Proton 1 and 2 AES showed that in near-Earth

cosmic space, at heights 200 - 600 km, there is a flux of electrons

with energies of hundreds and thousands of MeV, which is comparable

in intensity with the primary cosmic ray flux.

Determination of the section increase, anomaly in the proton

spectrum in the energy interval 10 - 1013 eV, and intense high-

energy electron fluxes in near-Earth cosmic space was the subject of

further investigation aboard the Proton 4 space station, for which

equipment radically different from that installed aboard the Proton

1i, 2, 3 AES was developed (see present volume, p.(6 9).

Orbital complex moment theory predicts increase of the total

and inelastic effective nucleon-nucleon collision sections with in-

crease of the colliding particle energy. However, this increase is

very small. Thus, with transition from energies of 20 GeV to 1000

GeV, ain increases by 20%. In order to record this increase re-
p-p

liably, ain must be measured with an accuracy no less than 5% for pro-
p-p

ton energy 1012 eV.

Bearing in mind the fundamental importance of verifying the /6

validity of the theoretical analyses, one of the most important

in
problems of the immediate future is to measure app with an accuracy no)

less than 5% in the energy interval 50 - 100 GeV. This problem is

entirely solvable if the measurements are made aboard a heavy AES

and the experiment is directed toward resolution of this question.

To obtain the necessary statistical accuracy, it is sufficient to

use equipment with the following parameters: instrument geometric

factor 103 cm 2  sr, target (carbon and polyethylene) thickness

%100 g/cm 2 , measurement time no less than 100 days.
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Experiments performed aboard the Proton 1, 2, 3 AES showed that

the dependence of the effective inelastic interaction section of

protons with carbon nuclei oC on proton energy E in the energy in-

terval 20 - 600 GeV can be approximated by a function of the form

PaC (E)= Go ( + a In E/20)

where a u 0.06, for measurement of E in GeV. A very important ques-

tion arises: to what energies is this growth law valid?

The experiments made aboard the Proton AES showed that visi-

bility of the measurements performed is important when measuring the

effective sections. Two requirements must be satisfied in order to

provide this visibility:

a) the measurements should be made aboard oriented AES;

b) the experiment should be visualized, i.e., equipment should

be used which permits "seeing" the primary particle, its interaction

in the target, and the avalanche in the ionization calorimeter.

Contemporary experimental equipment - spark chambers, electron

optical converters (EOC) - makes it possible, in principle, to ac-

complish the required visualization of the experiment with transmis-

sion of the information over telemetry channels. In these experi-

ments, the important question of the dependence of the effective in-

elastic interaction section for high energies from 1012 to 1013 eV

on the atomic weight of the target nuclei may be resolved atithe same

time. This question cannot be resolved on opposing beam accelerators

and will remain the prerogative of cosmic ray physics in the next

few decades.

On of the most important problems of high-energy physics, which

was posed more than a decade ago as the result of cosmic ray study,

is that of the origin of fireballs.
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The multiperipheral theory, considering interactions between

colliding high-energy nucleons as exchange of virtual w-mesons, leads

to the conclusion that, as a result, there should arise massive globs

of matter - fireballs - with a mass of 3 - 4 nucleon masses, sub-

sequent disintegration of which yields the experimentally required /7

particles. With increase of colliding particle energy, the number

of these globs increases in proportion to the logarithm of the im-

pinging particle energy, which leads to secondary particle dependence

of the type ns ' In E.

In the colliding nucleon center-of-mass system, the fireballs

travel relative to one another with mean value of the Lorentz factor

y = 2 - 3. This circumstance leads to the characteristic pattern of

observed particle distribution as a function of their divergence

angles and energies.

In spite of the fact that the fireball question has been dis-

cussed for more than ten years [3 - 71, convincing experimental data

supporting their existence have not yet been obtained. The complexity

of the problem solution lies in the fact that the results obtained

for particle energies 1011 - 1012 eV can be described without resort-

ing to fireballs [8].

Resolution of the question of the formation of systems with

large masses is of fundamental importancle, and can be obtained by

studying the interaction of particles with superhigh energies

1013 - 1014 eV. According to the multiperipheral theory, at such

energies, three fireballs, each with mass 3 - 4 GeV, should sometimes

arise. Interactions of this type will show up as three groups of

particles, each of which consists of about eight charged particles.

If interactions of this type are discovered, and it is shown that

the number of groups increases with increase of the primary particle

energy, then this phenomenon can no longer be described by alterna-

tive schemes of the hydrodynamic or statistical model type.
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Conduct of the corresponding experiments, requiring work with

ultrahigh energy particles and use of the nuclear photoemulsion

technique to obtain the required angular resolution and measure the

secondary 70 -meson particle energy, is possible only aboard heavy

AES. There is little doubt that in the near future, orbital scienti-

fic stations with qualified personnel on board will come into being.

Under these conditions, the conduct of studies with equipment includ-

ing an ionization calorimeter, system of space chambers, and nuclear

emulsions becomes quite realistic.

If there is periodic replacement by orbital station personnel

of the exposed emulsions, observations can be made of hundreds of

interactions of particles with energies 1013 eV and tens of inter-

actions of particles with energies 1014 eV, i.e., we can obtain unique

experimental data which cannot be obtained at the present time by any

other techniques.

In such an experiment, a detaileld study can be made at the same

time, in most convincing fashion, of primary cosmic ray chemical com-

position in the energy interval 1013 - 1014 eV, and the shape of the

energy spectrum- of the various nuclei groups in the superhigh lenergy.1

energy interval can be studied, i.e., we can obtain experimental data

of fundamental importance for the theory of particle acceleration in /8

astrophysical objects. In the same experiment, we can seek the pro-

cesses characteristic for the interaction of complex nuclei at super-

high energies. New phenomena may be discovered in this completely

open region of study.

In studying the processes taking place during interaction of

particles with superhigh energies 1014 - 1015 eV by indirect methods

- using extensive atmospheric showers and high-energy muons - some

anomalies have been discovered which do not fit into the framework

of the generally accepted notions. Thus, at one time it was suggested

that there is direct multiple generation of muons in strong interac-

tions of particles with superhigh energies [9]. The theoretical
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possibility of such a process at superhigh energies n 1015 eV, when

at small colliding particle distances % 10- 1 7 cm, the weak interac-

tions may become of the order of the strong interactions, was noted

in [10].

In recent years, the interest in this problem, which is of

fundamental importance for elementary particle physics, has increased

in connection with the experimental data on angular distribution of

cosmic ray muons with energies r' 3 • 1012 eV at sea level [111.

If the p-meson energy E satisfies the inequality E cos 8 >>

1011 eV, the dependence of the intensity of muons with energies E

on the angle e with the vertical, will obey the law

S(0) Cos

if the muons arise as a result of 7- or K-meson decay.

The experimental data obtained in [ll] indicate deviation from

the (cos 0)-1 law in the direction of approach to isotropy for large

angles 81. In this connection, the hypothesis on the possibility of

direct muon generation (in about 2% of the interactions) was pro-

posed in [l].

It should be noted that, even if the hypotheses of [11] are

confirmed experimentally, they will not be proof of the existence of

direct multiple muon generation in nucleon interactions. It is suf-

ficient to assume the birth of a hypothetical particle, disintegrat-

ing with formation of muons and having a lifetime tens of times

shorter that that of the r- or K-mesons, for the experimental data

to obtain their natural explanation.

The question of the possibility of multiple muon generation

during collision of particles with energies 1014 - 1015 eV can be

clarified only by observing processes in dense media, where the

9



probability of 7--or.K-meson decay is approximately 105 times less

than in the atmosphere at high altitudes.

For studying such processes with adequate statistical justifi-

cation, it is necessary to use equipment weighing about 100 tons, /9

injected into near-Earth cosmic space aboard a heavy AES. In such

an installation, using the principle of the ionization calorimeter

of large thickness for primary particle energy measurement, a system

of spark chambers for detecting primary and secondary particles, and

charge detectors, it is possible in the course of a year to observe

many thousand interactions of particles with energies 1014 eV, hun-

dreds of interactions of particles with energies 1015 eV, study in

detail the chemical composition of primary cosmic rays with energies

1015 eV, and observe the processes of multiple generation of super-

high energy muons if they exist in nature and occur with probability

-i -2
-10 1- 0 In these experiments, it becomes possible to study

by direct methods the typical interaction processes of the particles

responsible for extensive atmospheric showers, and give an unambigu-

ous treatment of this phenomenon, which has been the subject of

more than twenty years of study.1

These problems are of direct importance for high-energy particle

physics, astrophysics, and cosmic ray physics. There can be little

question that they will be resolved in the next few years with the

aid of heavy AES.
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MEASUREMENT OF EFFECTIVE INELASTIC INTERACTION SECTIONS

OF PROTONS WITH CARBON AND HYDROGEN NUCLEI IN THE ENERGY

INTERVAL 20 - 600 GeV ABOARD PROTON 1, 2, 3 SPACE

STATIONS

N. L. Grigorov, V. Ye. Nesterov, I. D. Rapoport,

I. A. Savenko and G. A. Skuridin

Introduction

Measurements of strongly interacting high-energy (E > 1012 eV) /10

particle fluxes at mountain elevations carried out by various methods

in recent years have indicated that at such high energies, the in-

elastic interaction section of protons with air nuclei in is at least

10 - 25% larger than for particle accelerator energies [1, 2, 31.

These estimates were obtained by indirect methods, and naturally re-

quire verification by direct measurements.

It is very difficult to ensure the required statistical accuracy

of a few percent in measuring the effective inelastic interaction

section of nucleons with light atomic nuclei at mountain altitudes

because of the small high-energy particle flux. Moreover, in the

lower part of the atmosphere, ions constitute a large fraction (n 30%)

of the strongly interacting particle flux. This situation "contami-

nates" the primary particle beam and selection of only the neutral
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primary particles (neutrons) reduces by at least a factor of three

the flux, already small, of particles which can be used for measur-

ing ain

nn
These difficulties can be avoided if we measure ain beyond the

limits of the atmosphere aboard heavy AES. In this case, the high-

energy proton flux increases by 10 3 - 10 times in comparison with

the proton flux at mountain altitudes. Moreover, in this case, we

can ensure quite "clean" primary proton beams. These considerations

have stimulated the conduct of a n measurements aboard heavy AES, in

spite of the serious technical difficulties associated with such

measurements. We have made such ain measurements aboard the Proton

1i, 2, 3 space stations. We used the multipurpose SEZ-14 instrument

to measure the effective inelastic section ain of protons with target

(carbon and polyethylene) nuclei. (This instrument was used not only

in
to measure a , but also to study the shape of the primary cosmic ray

particle energy spectrum in the energy interval from a 1010 to a 1014

eV.) The basis of the ain measurement was the "beam knockout" method,

which is widely used in cosmic ray particle studies.

The essence of this method is that we first measure the particle /1

flux Int passing through detectors which define the instrument angu-

lar aperture, and an inelastic interaction detector without a target

in the particle path. Then we measure the particle flux It passing

through the same detectors and a target without interaction therein,

with the target located in the particle path.

In both cases, the particles are selected on the basis of the

same characteristic after passing through the detectors, target, and

interaction detector. Under these conditions,

It =Int ex/, (1)

12



where x is the target thickness in g/cm2; X is the range in g/cm 2

for inelastic particle interaction in the target; A and in are con-

nected by the known relation: ain = A/XNAv where A is the atomic

weight of the target nuclei, NAy is the Avogadro number. In the case

of measurements in cosmic space, when not only protons (Z= 1), but

also helium nuclei (Z = 2) and heavier nuclei are present in the pri-

mary cosmic ray flux, for measurement of the effective proton inelas-

tic interaction section it is necessary to have a detector which

separates the protons from the entire cosmic ray particle flux.

I. Equipment

A schematic of the SEZ-14 instrument is shown in Figure 1. It

consists of two identical halves, on each of which measurements of

in can be made independently. This results in improved reliability,

the possibility of monitoring equipment sensitivity stability, and

increase of the measurement statistics.

Each half of the SEZ-14 instrument consists of the following

detectors.

The ionization calorimeter for measuring proton energy consists

of nine steel plates, each 5.5 cm thick. Between the plates there

are plastic scintillators 1 - 10, each 1.5 cm thick, which are viewed

by two FEU-49 (FEU-III) photomultipliers, connected to a common load.

The overall thickness of the absorber in the ionization calorimeter,

equal to 2.7 XFe (XFe is the proton interaction range in iron), pro-

vides, on the average, release of 50% of the primary proton energy

in the ionization calorimeter.

The amplitude of the FEU-III signal, proportional to the energy

released in the ionization calorimeter, acts on a series of integral

amplitude discriminators having various triggering thresholds E.

13
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(i = 1 - 9), uniformly distributed on a logarithmic scale in the

10 14
energy interval from E1 10 to E 9 % 10 eV.

Above and below the ionization calorimeter are located scintil-

lation counters made from plastic scintillators I and II, which cover

the entire area of the ionization calorimeter. The upper counter I /12

I 7

7c'1 c, MF T rb

Figure 1. Schematic of SEZ-14 instrument:

1 - 10 - plastic scintillators of ionization
calorimeter; 11 - 13 - diffusers for gather-
ing scintillation light; 14 - proportional
counters; 15 - direction detector; I - in-
teraction detector; II - lower scintillation

counter

serves to limit the solid angle in the limits of which primary parti-

cles are recorded. At the same time, it performs the functions of

an inelastic proton interaction detector (ID) in the carbon and poly-

ethylene targets located above it.

A lead layer 2.5 cm thick is located above the interaction de-

tector I, for better detection of interactions. The lower scintil-

lation counter II serves only to limit the solid angle. Both count-

ers are constructionally identical, and in each of them the scintil-

lators are viewed by two FEU-49, located on opposite sides and con-

nected to a common load.

14



The diffusers 11 - 13, whose inner surfaces are painted with

white enamel with low light absorption coefficient, are used for

better light collection.

Above the targets are located two large proportional counters

(PC) 14, which serve to separate the singly charged particles from

the primary cosmic ray flux.

The selection of protons of given energy was accomplished as

follows: It was required that the following signals appear in all

the detectors within the limits of the coincidence circuit resolu-

tion time.

a) In each of the two proportional counters, the pulse ampli-

tude was in the "window" V < V < V (V. % 0.2 V V
min = = max min - prob, max -

2.7 Vprob, where Vprob is the most probable amplitude of the pulse

created in the proportional counter by a singly charged relativistic

particle).j In this case, there is generated a signal, arbitrarily /13

designated Z1 , corresponding to passage of one singly charged parti-

clel through both proportional counters. Under these conditions, the

relativistic a particle (Z = 2) can imitate a singly charged particle

with probability no greater than 2.5%.

b) In the interaction detector, the pulse amplitude was in the

"window" V . < V < V (V . 0.4 Vb, Vmax 1.7 Vprob where
min max min prob max 1 prob

Vprob is the most probable amplitude of the pulse created in the in-

teraction detector by a singly charged relativistic particle). In

this case, there is generated a signal, arbitrarily designated N1,

corresponding to passage of one singly charged particle through the

interaction detector.

The relativistic a particle can imitate a singly charged parti-

cle in the interaction detector with probability not exceeding 2%.
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c) In the lower scintillation counter there must be a signal

with amplitude V > 0.4 Vprob.

d) In the ionization calorimeter there must be released the

energy corresponding to triggering of the ith amplitude discrimina-

tor (i = 1 - 9). In this case, there is generated a signal, arbi-

tratily designated EC., corresponding to simultaneous triggering of
1

the ith amplitude discriminator and the two scintillation counters

I and II. The resolution time of the coincidence circuits generat-

-6
ing this signal is u 1 - 10 sec.

Then all the "simple" signals Zl, N 1 , ECi travel to a coinci-

-6
dence circuit with resolution time a 6 - 10 sec, where there is

generated a signal, arbitrarily designated Z1 N1ECi, which is fed

to the scaling circuit - "operative memory".

The complex signal Z N1EC means that at the moment of release

in the ionization calorimeter of the energy EC , one singly charged

particle passed through both proportional counters and the interac-

tion detector. (Detailed description of the construction and char-

acteristics of all the SEZ-14 detectors is given in [4]).

The number of Z N 1EC. events per unit time is a measure of the
1

intensity of protons with energy E > E i passing through the appara-

tus. Thus, as a result of measurements without targets, the quan-

tity Int is determined, while with targets, the quantity It is

determined, which in accord with Expression (1) determine the

in
value of a

Aboard the Proton 3 station, the described SEZ-14 apparatus was

supplemented by directional Cherenkov counters, which discriminated

the singly charged particle Z = 1i, and performed the functions of a
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detector of the direction of motion of that singly charged particle

which, in passing through the proportional counters and interaction

detector, generated the signal Z N 1EC.

These direction detectors (DD) were located above the propor-

tional counters, and each included four Cherenkov counters 15 (see

Figure 1). Each counter consisted of a plexiglass detector 16 cm in /14

diameter and 3 cm thick, and a PM-49. Al four PM-49 operated into

a common load.

Since the DD reduced significantly the instrument relative

aperture, the measurements with them were only of a monitor nature.

Therefore, the DD in the SEZ-14 apparatus aboard Proton 3 were con-

nected into the recording system so that proton selection could be

carried out without the DD as well (by the second half of SEZ-14),

i.e., the complex signals Z N1EC. could be recorded by the same
1

technique as aboard Proton 1 and 2. Moreover, both halves of SEZ-14

recorded the signals Z N1 DD E C., meaning that the signal Z N1EC.
1 1

coincides with the pulse from the DD.

II. Results of Measurement of Effective Inelastic

Interaction Section of Protons with Carbon

in
Nuclei in

p-C

A. Measurements Without DD

In the SEZ-14 apparatus, satisfaction of at least one of the

following conditions was required for inelastic interaction recording.

1. Formation in the target of at least two charged particles

(ns 5 2), with ranges R > 28 g/cm 2 Pb + 5 g/cm 2 of plastic scintil-

lator. In this case, generation of any particles with lifetime

T 1 0- 10 sec, yielding y quanta during their decay, may not occur.
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2. Formation of at least one particle with lifetime 
T < 10 - 10

sec, yielding during its decay y quanta with total energy Ey 500

MeV. In this case, charged particles may be absent.

3. Charge exchange of a proton into a neutron under the con-

dition ns = 0. In this case, generation of the electron-photon com-

ponent may not occur.

Control experiments, made on the ITEP (Institute of Theoretical

and Experimental Physics) accelerator, showed that even for proton

energy E = 5 GeV, the probability W of interaction recording in the

SEZ-14 apparatus is quite high: 93 + 4% for particles entering the

instrument from the proportional counters, and 81 + 5% for protons

entering through the SEZ-14 lower base [51. In the latter case, the

proportional counter performs the functions of an interaction de-

tector.

With increase of the energy, the mean multiplicity n s increases

quite rapidly, and we can expect that for E " 20 GeV, the recording

interaction probability is close to 100% (this is indicated, speci-

fically, by the ai n values which we obtained).
p-C

The targets were made interchangeable in order to conduct meas-

urements of the proton intensity Int without targets, and It with

various targets under the same conditions. The graphite target, and

then the polyethylene target, were alternately positioned within the

limits of the instrument working aperture periodically with an in-

terval of 6 - 12 hours. Then both targets were removed from the /15

instrument working aperture and the intensity Int was measured.

After this, the entire measurement cycle was repeated.

In order to exclude the slow apparatus sensitivity variation

which can arise during long-duration instrument operation, we deter-

mined the mean intensities during a measurement seance lasting 6 - 12
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hours with fixed target position, and took the ratios <Int/It> ob-

tained in adjacent measurement seances. Then these ratios were

averaged throughout the entire flight, the quantity <Int/It>I was

determined, and the mean square deviation from the average was taken

as the measure of the < nt/It> error.

The error determined in this way included both statistical

errors (for the energy levels E 1 , E 2, E 3 they introduce a small con-

tribution to the overall error), and all the uncontrollable factors

which influence the event counting rate (change of instrument orien-

tation relative to the Earth, influence of the Earth's magnetic

field on PM sensitivity, and so on).

A special analysis of the information obtained aboard the Pro-

ton 2 AES showed that the quantities Int/I t have a normal distribu-

tion. Using the mean value <Int/It>, obtained with the graphite

in
target, we determined a i n

p-C"

The preliminary results of ain measurements aboard the Proton
p-C

1 and 2 AES have already been reported and published in [6, 7].

The processing of all the available primary information relat-

ing to ai n measurements (aboard Proton 1, 2, 3) has now been com-

pleted. The desire to obtain data on the magnitude of the effective

inelastic interaction section of protons with protons required more

exact account for the apparatus factors, primarily more precise cal-

culation of the effective target thickness (particularly of the car-

bon target, because of its complex configuration).

Moreover, we took into account the differences in target

thickness (reaching several percent) aboard each Proton AES. The

values of xC (effective graphite target thicknesses in g/cm 2 aboard

the different AES for measurements without direction detector) and
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the average amount of carbon x and hydrogen xH along the particle /16

path in the polyethylene targets are presented in Table 1.

TABLE 1

Polyethylene target Graphite target
Satellites

_pp -p -g g px x x x x =x -xC C H C C C

Proton 1 36.1 30.9 5.2 33.8 2.9

Proton 2 35.8 30.7 5.1 33.1 2.4

Proton 3 36.7 31.5 5.2 34.1 2.9

Using the effective target thicknesses shown in Table 1, we ob-

tained the values of a' n  from the measurements performed without
p-C

the DD on each half of the SEZ-14 aboard the Proton 1, 2, 3, AES.

They are shown in Figure 2. We see from this figure that all the aoi n
p-C

values obtained on the first and second halves of the Proton 1 SEZ-14,

first half of the Proton 2 SEZ-14, and the second half of the Proton

3 SEZ-14 yield values which agree well with one another in the meas-

urement error limits. Therefore, the values of a in relating to
p-C'

similar energy values obtained in different series of experiments,

can be averaged.

The values of a i n  averaged with account for error "weight"
p-C

are shown in Table 2.

Here, the errors are mean square values and include both statis-

tical and all apparatus errors which.affect apparatus sensitivity

during the measurement time.

The question of systematic errors will be examined in the dis-

cussion of corrections.
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TABLE 2

in in
E, GeV a mbarn E, GeV inp-C mbarn

Sp-C p-C

22 208 + 4 200 253 + 3.5

62 226.5 + 2.5 610 240 + 7

The measurement of pinC made
p-C ec mbarnl

on the second half of the Proton

2 SEZ-14 [6] yields relative in-

crease of n-C with increase of

E, which is the same as from the -

other measurements, but the abso- .- /17

lute value of ain is 10% lower
p-C

than indicated by the data ob- le l Z " GeV

tained on the first half of the

Proton 2 SEZ-14, and on the other Figure 2. Results of -C
measurements by different

Proton AES. halves of the the SEZ-14 a-
board Proton 1, 2, 3 AES:

The availability of more com- 1 - Proton 1, first half of
SEZ-14; 2 - same, second

plete information on the scienti- half; - Proton 2, first
half; 3 - Proton 2, first

fic equipment operation made it half; 4 - same, second half;
5 - Proton 3, second half;possible to explain the reasons the abscissa axis is primary

for the systematic low values of proton energy, the ordinate

in axis is an_ in mbarna obtained on the second half paxis is -Cin mbarn
p-C

of the Proton 2 SEZ-14. It was

found that on the second half of the SEZ-14, during a significant

part of the entire apparatus operating time, there was marked increase

of the count rate of double coincidences CNO (coincidence of pulses

from the interaction detector and lower scintillation counter),

which enter into the generation of the signal ZlNlEC.. A possible
1

reason for the count rate increase could be increased noise of one

of the interaction detector photomultipliers, which would lead to
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high channel loading, and, as a consequence, loss of Z N E event

counts (as a result of the "dead time" of the amplitude discrimina-

tors which form the signal N).

Special analysis of the information obtained showed that during

those time periods when the CN 0 count rate exceeded significantly the

normal value, the Z 1N 1EC. count rate was less than normal, and its
1

decrease with the targets was less than without the targets, which

in
then led to decrease of the measured value of i n  In order to make

p-C

certain that the low values of in in the measurements made on the
p-C'

second half of the Proton 2 SEZ-14, were connected with the anoma-

lously high CNO signal count rate, we selected only those measurement

seances in which the CN 0 signal count rate increase was not very

in
large. The value of a obtained from these seances was 5% higher

p-C

than from all the measurement seances, including the seances with

anomalously high CN 0 signal count rate. Therefore, prior to finding

the method for introducing the corrections to the magnitudes of the

in
ratios <It /I >, which determine the value of oi n  we excluded thent t p-C

data of the second half of the Proton 2 SEZ-14 from consideration.

in
In order to obtain the final data on the value of a for

p-C

various proton energies, it is necessary to introduce into the meas-

ured effective section values several corrections, duelto apparatus

and systematic effects.

In the following, we examine the corrections for proton absorp-

tion in the target structure, random coincidences, and 61 electron

formation.

1. Correction for proton interactions in the duraluminum target

structure. The correction was determined by calculation, using for
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particle accelerator energies the values of the effective inelastic

interaction section of protons with Al nuclei, equal to 400 mbarn.

In order to account for these interactions, the measured value of

<Int/It>1 must be multiplied by 0.975. This yields a 6% correction

in
p-C"

2. Correction due to random coincidences of low-energy cosmic

ray protons with energy release in the ionization calorimeter. The /18

essence of this correction is associated with the following. Signals

of the Z 1N 1EC. type may be created not only by true protons, which
1

provide energy release E i in the ionization chamber, but also by ran-

dom coincidences of low-energy (1 - 10 GeV) cosmic ray protons pass-

ing through the proportional counters and interaction detector (sig-

nal Z1 N1 ) with energy release E i in the ionization calorimeter caused

by any high energy particle.

Random coincidences of this type will constitute the same frac-

tion of the true Z N1EC. events for all energies El, as long as the
1

proton energy spectrum is similar to the spectrum of all cosmic ray

particles, i.e., at least up to E = 1012 eV. Thus, Ira (E i)/Itr (E i )

const, where Ira (Ei ) and Itr (Ei ) are the intensities of the Z NIEci

events, due, respectively, to random coincidences and the true flux

of protons yielding energy release E i in the ionization calorimeter.

The measured intensity is equal to Imeas = Itr + Ira. The value of

ap-C is determined by the magnitude of the measured ratio:

n t  nt + Int Int i + nt /nt
meas tr ra tr ra tr
C  C C  C nt nt

I I I I 1 + I I K
meas tr ra tr ra tr
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where

nt C
I /I
tr tr
nt C
ra ra

We see from (2) that (Int/IC)meas = (Int/IC)tr, only for K = 1.

in
Therefore, random coincidences will not distort the quantity ap-C

only when, first, interactions in the target of low-energy cosmic

ray particles yielding random coincidences are recorded with 100%

effectiveness and, second, the true value of ain is constant through-
p-C

out the entire energy interval (from the energy of protons yielding

a contribution to the random coincidences to the measured energies

Ei). However, as our experiments on a proton beam with energy E =

5 GeV [5] showed, for this energy the effectiveness of proton inter-

action recording in a target by the interaction detector of the

SEZ-14 instrument is less than 100%. Therefore, we would expect that

nt int
ra tr

IC iC
ra tr

i.e., K > 1, and (Int/IC)meas < (Int/IC)tr. Consequently, because

of the existence of random coincidences, the measured value ameas

will be less than the trule value utr'

Moreover, if atr is independent of E, then K = const, and

ameas (Ei)/atr (Ei) = const. If, however, otr (E) increases with in-

crease of E, then K(E) will also increase with increase of E, since /19

I nt/IC is independent of E. This leads to a situation in which the
ra ra

measured increase of a(E) will be weaker than the increase of

atr (E).
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The influence of random coincidences on a under the experimental

conditions aboard the Proton AES may be determined on the basis of

the following arguments: Ira (Ei, 0) = A (Ei ) Fbr (0), where Fcr (0)

is the flux intensity of all cosmic ray particles at the latitude e,

A (Ei) is a parameter proportional to the flux of all particles which

yield in the ionization calolrimeter a fixed energy release E i which

depends on the geometric and radiotechnical characteristics of the

apparatus.

For fixed E.i, the value A = const, and Imeas (Ei, ) = Imeas

(Ei) + Ira (Ei, 0) = Itr (Ei.) + A (Ei ) Fcr (0). With change of the

latitude of the observation location from e = 00 to 0 > 500, the

quantity F changes by about a factor of 10, i.e., F (e >.500/cr cr

F (0 = 00) = 10. The experimental data obtained aboard the Protoncr

2 and 3 AES showed that Imeas (E., e > 500)/Imeas (Ei, 0 = 00) =

1.2, and is independent of E i (as it should be, if the dependence on

. is associated only with random coincidences). Recalling that

Itr (Ei ) will not depend on 0 (if E i > 20 GeV) and F (e > 500)/F

(6 = 00) = 10, we find that Itr (Ei ) = 0.98 x Imeas (Ei, 0 = 00),

i.e., measurements in the equatorial region yield an intensity which

is practically undistorted by random coincidences.

Hence, it follows that Ira (Ei, 0) = Imeas (Ei, 8) - Itr (Ei -

Imeas (Ei, 6) - Imeas (E, 0 = 00).

From these measurements, we can obtain for each latitude 0 the

intensity Ira without target and with graphite target, and determine

nt C
the ratio I nt/Ira ra

I Int (E.,, 0)- Int (E., 0 = 00)ra _ meas 1 meas i
IC IC  (E 8) - IC  (Ei , 0 = 00 )
ra meas i meas '
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If this ratio is averaged over all 0 values with account for

satellite stay time at the various latitudes, we obtain <Int/I C>ra ra

which determines the correction to a owing to random coincidences.

It is easy to show that the correction to a owing to random coin-

cidences is

Aa tr - meas
a a
meas meas

1 1 - <1nt nt
in ra meas

Int Int nt nt
meas ra meas rain nC ntI- >
meas meas meas ra

Averaging over the available data obtained aboard Proton 2 for

various energy thresholds, the correction owing to random coinci-

dences was found to be Au/a = 10 + 4%.meas -

The large error in the correction magnitude leads to the cor-

rected values of Gp-C having, in addition to mean square errorsp-C

amounting to '\ 2 - 3%, large systematic error (the same for all

energies), equal to + 4%.

At the same time, the data on a obtained only from that part of

the information which relates to low latitudes (in the equatorial re-

gion) will not contain errors associated with random coincidences

(and consequently, will not have the + 4% systematic error),butlwill

have large mean square errors because of using only part of the in-

formation obtained. Nevertheless,.as we see from Table 3, the large

mean square errors for the equatorial a measurements are less than

in
the systematic errors in a arising with introduction df the randomp-C

coincidence correction.
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TABLE 3*

E, GeV ain mbarn I' a ,in  mbarn
p-C' mbarn P-C'

22. 229±4 9 _ 236+8 I
62 254±2,5 10 254±5

200 278+3,5 11 286±8
610 264+7 10,5 290+13

Translator's note: Commas represent decimal
points.

in
Table 3 presents in the second column the averaged ap C valuesp-C

corrected for random coincidences (averaged over all the measure-

ments aboard Proton 1, 2, 3). The mean square error was obtained by

averaging the data before introducing the random coincidence correc-

tion. The third column shows the modulus of the systematic error in

the corrected a values, which arises when introducing the random co-

incidence correction. The fourth column shows the averaged values

of ap-C' obtained aboard Proton 1, 2, 3 as a result of measurements

only in the equatorial region. The errors are mean square.

in
We see from Table 3 that the ap C values corrected for randomp-C

coincidences agree to within the mean square measurement errors with

the a measurements at the equator, which do not contain errors due

to random coincidences. Moreover, we see that the "equatorial"

i n in
a measurements have better accuracy of the absolute ai n values;
p-C p-C

therefore, we shall use only these measurements in the following.

in
3. Corrections to a owing to 6 electrons. The magnitude

p-C
in

of the correction to ap-C owing to 6 electrons constitutes from 2.4%

(for E = 22 GeV) to 4.3% (For E > 100 GeV). (The determination of

of this correction is presented in more detail later, in examining /21

the physical effects which influence the measured quantity ai n ).
p-C2
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TABLE 4

E, GeV ain mbarn E, GeV a i n  mbarn

p-C' p-C

22 .216+7 200 260+7

62 231+_5 610 263+12

After introducing the cor- _,mbarn!

rections for 6 electrons and for

interactions in the duraluminum *'

target structure to the average 
oZ

a values obtained from measure- oo x

ments at the equator (last /17 l J E,.GeVl

column of Table 3), we obtained in
Figure 3. Dependence of ain

the final values shownpC
p-C on proton energy:1

ni
in Figure 3 and Table 4. 1 - mean a values from re-

p-C
sults of measurements aboard
Proton 1, 2, 3 AES after intro-
ducing all the corrections;

Direction Detector in
2 -- measurements of ai n by

p(DD) -C
(DD) direction detector aboard Pro-

ton AES; 3 - accelerator data
in [101; 4 - lower limit of the

Measurement of -C using in
p-C Gi n section obtained by in-

a direction detector has the p-C
indirect methods [11]

following characteristic

features.

The thin Cherenkov counters used in the direction detectors

preclude the possibility of recording a single singly charged parti-

cle leaving the ionization calorimeter and passing through the inter-

action detector and proportional counters. Therefore, events of the

Z N1 DD EC. type are due to primary protons entering the instrument
1

only through its "entry window", and passing through the detectors

in the following sequence: DD, PC, ID, and ionization calorimeter.

In this case, interactions are recorded only by the interaction

detector.
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As was previously noted, the direction detectors reduced the

SEZ-14 relative aperture by a factor of ten. Therefore, the measure- /22

ment errors with the DD are significantly larger than without them,

particularly at high energies when the measurement error is deter-

mined by the statistics of the protons being recorded.

in
In order to reduce the p-in measurement errors at an energy of

p-C

150 GeV, we determined ain using measurements with both graphite

and polyethylene targets. (In the polyethylene target, about 80% of

all interactions take place on carbon nuclei.) In the latter case, wel

assumed that a - C = (28.7 ± 1.7) mbarn, in accordance with the results

p-C

values, obtained on the same SEZ-14 half with the graphite and poly-

ethylene targets, were averaged with account for error "weight".

These data are shown in the second column of Table 5. For energies

in
of 18 and 50 GeV, the ina value indicated in the second column of

p-C

Table 5 was obtained using measurements only with the graphite target.

in
The third column shows the values of a measurement on the same

p-C

half of the Proton 3 SEZ-14 without DD, using only equatorial meas-

urements. In the data shown in Table 5, corrections were introduced

for the 6-electrons (to the results of measurements both without and

with the DD), and for interactions in the target structure (only in

the measurements without DD).

Corrections to results of measurements with DD.

1. The Cherenkov counters in the DD were arranged so that the

primary protons traversing in the instrument solid angle do not pass

through the massive duraluminum elements of the target structure;

therefore, it is not necessary to introduce a correction into the

in
results of a measurements made with DD for interaction with the

p-C

target structure elements (the correction is 6%).
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TABLE 5

E, GeV ai n  (with DD) i n  (without DD
p-C p-C

18 215±7,6 215±10
50 195 12 230+7
150 228±25 259±10

2. No correction was introduced to the data obtained with DD

for random coincidences, since tAere was no Z N1 DD EC. event inten-
1

sity dependence on geomagnetic latitude owing to random coincidences.

3. The same corrections for 6 electrons were introduced into

the results of measurements performed with DD as into the results of

measurements without DD.

The mean ai n value obtained in measurements with DD, as a re-
p-C

sult of averaging the data for the first two energy thresholds (E1

and E2 ) and equal to <a in> = 210 + 6 mV, is for 34 GeV mean energy. /23
p-C

This value of a and also the value obtained with DD for 150 GeV

energy are shown by the circles in Figure 3. We see from the figure

in
that the results of apnC measurement with DD are in agreement withp-C
the results of measurements without DD (particularly for the 20 - 30

GeV energy, where the measurement errors with DD are still quite

small) .1

III. Measurement of Effective Inelastic Proton-Proton

in
Interaction Section a in Energy Interval 20 -

p-p

600 GeV

The magnitude of the effective inelastic proton-proton inter-

in
action section a was determined from measurements of the proton

p-p
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fluxes of different energies passing without interaction through the

carbon target (IC), and the polyethylene target IC H 2 .

Since the amount of carbon per square centimeter in the poly-

ethylene target was less than in the graphite target by the magnitude

Tx = - xP (see Table 1), the ain value was determined from theC C C p-p

expression:

o'" = In C + X ,
P-P - Nw XHAC (3)

where xH is the average amount of hydrogen in grams per square centi-

meter along the particle path in the polyethylene target; AC is the

in
atomic weight of carbon; ap-C is the effective inelastic interaction

section with carbon nuclei, taken from measurement results with the

graphite target.

The mean value of the intensity ratio <(I/ICH, was determined as

follows. For two adjacent measurement seances with the carbon and

polyethylene targets, we determined the ratio during the measurement

seance of the intensities IC and ICH 2 , and these ratiosl I C/I
C H

2 were

averaged over all adjacent seance pairs. We determined the average

value of (ic/cH,9) and the mean square deviation from the average,

which we took as the measure of the (IC/ICH,) error.

The following corrections were made to the ai n  value determined /24
p-p

using (3).

1. Correction for the 6 electrons to the measured a i n value
p-p

was calculated, just as the correction to ain These corrections
p-C"

ranged from 2.2% (for E - 22 GeV) to 4.0% (for E > 100 GeV), and were

introduced into the results of ain measurements performed both with-
p-p

out and with DD.
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2. Correction for interactions in the duraluminum target struc-

ture was not introduced, since the graphite and polyethylene target

structures were identical and the influence of these interactions

was automatically excluded in calculating the ratio IC/ICH,.

ini
3. In order to avoid the need for introducing corrections to a

owing to random coincidences, we used only the results of measure-

ments without DD in the vicinity of the equator. (We note that if

we use all the information and introduce a correction for random co-

incidences equal to + 10%, we obtain the same result as when using

only the near-equatorial measurements).

The final data, after introducing the indicated corrections and

averaging the results of measurements made using both halves of the

SEZ-14 apparatus aboard the Proton 1, 2, 3 AES, are shown in Table 6.

TABLE 6*

in in
E, GeV a , mbarn E, GeV ap , mbarn

22 27,7+3,6 610 44,3±9,3
62 28,2-12,3 18 26,9±4,5

200 32,1 -3,8 50 35, 1+5,7

Translator's note: Commas represent decimal
points.

The last two rows are for measurements with DD. The weighted

in
mean value for these two energies is a = 30 + 3.5 mbarn, and is

p-p

for an energy of 3.4 * 1010 eV.

We see from Table 6 that the measurements with and without DD

agree well with one another and with the particle accelerator data

for the corresponding energy.
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Figure 4 represents the ai n measure- ermbarn1

ment results. We see from the figure that */

the results of our measurements do not 
oZ

contradict the possibility of the same

inIna increase as is observed for a n
p-p p-C

with transition from partical accelerator / 1- ,GeV

energies a 20 GeV to energies % 200 GeV.

Figure 4. Dependence
in

IV. Discussion of Results of a on proton en-
P-P

ergy from results of
measurements aboard

We see from Figure 3 that with Proton 1, 2, 3 AES /25

transition from proton energy 2 * 1010 after introducing all
the corrections:

eV to 2 * 1011 eV, the effective in- 1 - measurements

elastic interaction section with carbon without DD; 2 - meas-
urements with DD

nuclei increases by 20 + 5% (the proba-

bility that this increase is random for

the measurement errors obtained is 2 . 10-6).

It is obvious that the observed increase cannot be ascribed to

measurement errors. Therefore, it is advisable to evaulate the pos-

sible methodological effects which could lead to the observed in-

crease, and also the physical processes of trivial nature which are

incapable in principle of increasing the measured a values.
p-cl

A. Systematic Effects

1. With increase of particle energy, the SEZ-14 angular aper-

ture for the protons being recorded may increase, and, as a conse-

quence of this, the effective target thickness may increase.

The angular aperture increase is associated with the fact that

when a primary proton passes through the proportional counters and

interaction detector so that the avalanche generated by the proton

exits through the side surface of the ionization calorimeter, this
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proton may be recorded if at least one secondary particle enters the

lower scintillation counter. The higher the proton energy E, the

more secondary particles in the avalanche and the higher the proba-

bility of a scattered particle reaching the lower scintillation

counter ("overcount" phenomenon).

With such broadening of the solid angle Q in the limits of which

primary protons are recorded, the effective path xc traveled by the

particles in the target will increase, the probability of interaction

while passing through the target will increase, which will imitate

in
increase of a This effect may be evaluated under the extreme

p-C*

assumption: each particle passing through the proportional counters

and interaction detector, no matter what the angle at which it en-

tered the ionization calorimeter, will be recorded if the energy E.1

released in the calorimeter is sufficient to trigger the ith ampli-

tude discriminator. It is obvious that this assumption yields the

maximal possible proton "overcount" and, therefore, the maximal pos-

sible increase of the effective target thickness xc. Calculation

showed that for isotropic angular distribution of the primary protons,

the "overcount" phenomenon increases effective target thickness by

only 2.8% in comparison with the value used.

Thus, the "overcount" phenomenon can increase the measured sec-

tion by a maximum of 3%, and cannot explain the observed 20% increase.

2. The absence of constant Proton satellite orientation rela- /26

tive to the vertical led to a situation in which events of the Z N1EC.
1

type, recorded without DD, in many cases could be created by particles

entering through the SEZ-14 lower base. The first possibility is the

following. If the primary particle is a proton, then such a proton,

after releasing in the ionization calorimeter the E. part of its
1

energy, may leave the calorimeter without accompaniment by other

particles, enter the interaction detector, and pass through the
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proportional counters. In this case, a Z N1EC. signal is generated.

1

If measurements are made with a target, such a "reverse-traveling"

proton (or any other strongly interacting particle) creates, during

interaction in the target, a shower, which will be recorded by the

proportional counters (i.e., for such reverse-traveling, strongly

interacting particles, the proportional counters will serve as an

"interaction detector"). If the PC recorded showers with 100% proba-

bility, then all interactions in the targets of reverse-traveling

protons and other high-energy particles would be recorded, and for

these particles, the correct value of ain would be measured; however,

the measured a in value would not be ascribed to particles with energy

E. released in the ionization calorimeter, but rather to particles

with energy << E i..

Therefore, if a n did not depend on E, the reverse-traveling

particles would not distort the measurement results. However, low-

energy particles (a few GeV) create, during interaction in the tar-

gets, showers consisting of such a small number of particles that

these showers are recorded by the PC with probability less than 100%.

For such reverse-traveling particles, the measured value ain will
meas

be less than the true value ain Therefore, the measured in value
tr

for all primary proton particles and reverse-traveling particles will

in
also be less than atr in this case.

tr

As E i increases, the energy of the reverse-traveling protons

will also increase and, consequently, the probability of the PC

recording their interactions in the targets will increase. There-

in in
fore, the measured section will increase, approaching ain If an

tr tr

const, the reverse-traveling particles could imitate increase of

Gan, with increase of E only under the condition that for smaller E

the measured section a < a , and with increase of E the value ofmeas tr

ain in = 215 + 5 mbarn [11].
meas tr
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Comparison of our results with particle accelerator results

(which we take to be true) shows that for minimal energy, E % 20 GeV

ameas = atr (to within 5 - 7 mbarn). Comparison of measurement re-

sults without DD (a = 216 + 71mbarn) and with DD (a = 210 + 6 mbarn)

leads to the same conclusion. (Reverse-traveling particles are not

present in the measurements with DD.)

There is a second possibility for creation of Z N1EC. events by /27
1

particles exiting through the lower base of the instrument.

A high-energy primary particle (of any nature) enters the ioni-

zation calorimeter through the lower base at a large angle to the

instrument axis, so that the avalancheicreated by the particle exits

through the side surface of the ionization calorimeter. However, in

the avalanche there are many pions with energies of several hundred

MeV, traveling at angles 6j % 1 relative to the primary particle

direction of motion. One such pion may pass through the interaction

detector and proportional counters. In this case, the reverse-

traveling particles will be basically pions with energies of several

hundred MeV. (For E > 109 eV 0 < 0.3 and the pion will travel along

the avalanche; for E < 108 eV the pion range will be small and it

will not depart very far from the avalanche.)

Such pions will be absorbed during interaction with the graphite

target nuclei, and these interactions will be recorded by the pro-

portional counters with probability close to 100%. In examining the

mechanism of signal formation Z 1NEC. by cosmic ray particles enter-

in
ing the SEZ-14 through the lower base, the section ap-C for reverse-

traveling particles will correspond to the inelastic interaction

section of pions with energy of hundreds of MeV with the carbon nu-

clei, and it will not change with primary particle energy change.

Therefore, this ZI NECi event formation mechanism cannot lead to

ain increase with increase of E.
p-C 1.
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3. Nonlocal showers are those interactions of primary cosmic

ray particles (protons, heavy nuclei) in the matter surrounding the

SEZ-14 apparatus, as a result of which the most energetic particles

enter the ionization calorimeter and release in the calorimeter the

energy Ei, while the secondary particles of comparatively low energy

enter the proportional counters, interaction detector, and lower

scintillation counter. If a single particle enters both the PC and

ID, a Z N EC. signal arises, which imitates a proton which releases
1

in the ionization calorimeter the energy E.. The presence (or ab-

sence) of a target may influence nonlocal shower secondary particle

entry into the PC (and to a lesser degree into the ID), since the

latter is protected from below by the entire thickness of the ioni-

zation calorimeter, and from above by a layer of lead about 30 g/cm 2

thick), and thereby alter the intensity of the Z N1EC. events, i.e.
1

in
influence the magnitude of the measured section ain

p-C"

It is not possible to calculate this phenomenon in practice.

However, from the measurement results we can evaluate the nature of

the influence of the quantity a of both nonlocal showers and all the

background processes leading to the appearance of ZlN1EC. events.

Most of the Proton AES material surrounding the SEZ-14 instru- /28)

ment was located at the sides. This material, and also the ioniza-

tion calorimeters themselves (the ionization calorimeter of the first

SEZ-14 half was a source of nonlocal showers for the second SEZ-14

half, and vice versa), were nonlocal shower sources. Since both

nuclear and electron-photon showers have marked secondary particle

divergence directivity for the indicated arrangement of the material,

the fraction of nonlocal showers imitating Z1NEC. events will in-
1

crease relatively when the SEZ-14 instrument is turned with its

"entry window" toward the Earth and all the material is located above

the proportional counters. (In general, for such instrument orienta-

tion, only the reverse-traveling particles, nonlocal showers, and
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all those background events which lead to the formation of the com-

plex Z N1EC. signal are recorded, since in this case direct high-
1

energy proton flux is not recorded - it is shielded by the Earth).

Therefore, the dependence of Int/IC Int/ICH2 on the energy Ei, meas-

ured with the instrument "entry window" oriented toward the Earth,

yields the characteristic of the influence of this entire complex of

background events on increase of a. In order to clarify how the in-

dicated relations depend on the instrument orientation relative to

the Earth, we used the Z N1 DD EC. event count rate as an indicator
1

of SEZ-14 orientation, since with the instrument oriented with "entry

window" toward the Earth ("downward" orientation) the event count

stopped, and with orientation toward the zenith ("upward" orienta-

tion) the Z1N1 DD EC. count rate was maximal.
1

Using these guide lines, we selected from all the information

obtained aboard Proton 3, those time intervals when the instrument

was oriented "upward" and "downward", and for these time intervals

we determined the Z N E event count rate (on the second SEZ-14
1

half without and with targets, and also the average values 
of Int /IC

and Int/I C H 2 for these two orientations for the energy thresholds

E1 - 20 GeV, E 2 n 60 GeV, E 3  200 GeV, and E 4 - 600 GeV.

The total time, in the course of which the specified instrument

orientation was observed, was not long, and the accuracy of the in-

tensity ratios obtained is not high. Since the measure of the sec-

tion change with energy increase is the ratio of the quantity Int/I C

for E i (i > 2) to the quantity I /IC for the energy E., in order to
i = nt 1

increase the accuracy, we averaged the ratios

in NIn

In In -- CH
In 8ntl an I/nt,
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relating to the same energy E i.  The results are shown in Table 7.

TABLE 7*

SEZ-14 orientation SEZ-14 orientation
"up" "down"

(E2 ) 1, 15_0,09 1,08±0,09

) 1,31_0,11 1,170,12

S(E,) 1,3540, 19 1,05+0,22 i
a (EI) I

*Translator's note: Commas represent decimal
points.

Although the errors are large, we can still conclude from the /29

data of Table 7 that all the background events taken together ("down-

ward" orientation) do not yield a increase greater than the true

protons ("upward" orientation).

All orientations of the SEZ-14 instrument were involved in the

dependence of ln and ai n on E presented in Figures 3 and 4. Con-

sequently, the obtained section increase with proton energy increase

is only the lower bound of the increase. The true increase may be

somewhat greater than shown in these figures.

B. Physical Effects

1. 6 electrons. In the SEZ-14 apparatus, a shower of two

charged particles was recorded as an interaction. Therefore, among

the recorded interactions, some portion consists of 6) electrons. On

the basis of the conditions of particle recording by the interaction

detector, the energy of the 6 electrons entering the detector must

be quite high - several MeV.

We calculated the probability W 6 (E) that a proton with energy

F creates in a graphite target a delta electron, which will be
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recorded as a second particle. In the calculation, we accounted for

the probability of recording electrons of different energies in the

interaction detector.

9 10 10 10 10 11
E, eV 6-109 1010 2.1010 4-10 9.4o10 >10

W6 (E) 0.4 0.6 1.1 1.3 1.6 1.7

-1.2 -1.8 -3.2 -3.6 -3.8 -4.1
meas

Owing to these delta electrons, the measured value ameas will

be greater than the true value atr by the magnitude Au. The cal-

culated values of W 6 (E) and Aa/ameas are shown above.

The value of W6, due to muons with E '\ 6 * 10 eV, was deter- /30

mined experimentally at sea level (from the viewpoint of delta elec-

tron formation, muon energy 6 * 108 eV is equivalent to proton energy

E = 6 109 eV).

We obtained a value of W, (with graphite target thickness xC

26 g/cm 2 ) equal to 0.5 + 0.17) - 10-2 . We have presented previously

in [8, 9] preliminary data obtained with low statistical accuracy

W = (0.16 + 0.27) 10-2. We see that the experimental value of W

agrees well with the calculated value, which indicates correct ac-

count for the experimental factors, principally the probability of

recording 61 electrons. This provides a basis for using the calcu-

lated value of the correction Aa/ameas for proton energies E >

6 * 10 eV. It may be seen that when E increases from 1 * 1010 eV to

1011 eV, the measured section can increase by only u 3%, owing to the

6 electrons. However, the nature of the increase (fast for 10 <

E <4 * 1010, and slow for E > 4 010 eV) has an entirely different

form than that observed experimentally (see Figure 3).
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2. Quasielastic scattering. If, in our measurements, secondary

particles - products of quasielastic interactions of primary protons

with carbon nuclei - were recorded, then with increase of the pro-

ton energy, the probability of recording these secondary particles

would increase (if only because of reduction of the divergence angle

in the laboratory coordinate system), and this could lead to increase

of ain. Let us evaluate the maximal possible contribution of
meas

in
quasielastic scattering to the measured quantity a i n

It is obvious that, as a result of quasielastic scattering,

there cannot arise a secondary particle (nucleon) with energy

> E (t), where E (t) is the kinetic energy of the recoil nucleonrn rn

arising for elastic scattering with transfer of the four-momentum t.

Therefore, the maximal probability of secondary particle recording

will occur if the transferred momentum is communicated to a single

proton. In order for this proton to enter the interaction detector,

its range must be no less than 28 g/cm 2 Pb, i.e., the kinetic energy

E > 150 MeV. This value of E corresponds to t = 0.3 (GeV/c)2 . There-

fore, secondary particles in the quasielastic scattering case under

the present conditions can be recorded if t > 0.3 (GeV/c)2 , and a

single proton carries away the transferred momentum.

For primary proton energy 23 GeV, the quasielastic scattering

section for carbon nuclei with momentum transfer t > 0.31 (GeV/c)2

amounts to only 1.7 mbarn [10]. If we consider that with transfer

of this momentum to a target-nucleus neutron, quasielastic scatter-

ings will not be recorded, we find that the maximal contribution to

in
op-C of quasielastic scattering of protons with energy u 20 GeV

amounts to 0.9 mbarn.

Another way to record quasielastic scattering is possible -

complete disintegration of the nucleus and recording of "evaporative"

neutrons. However, the probability of recording them under our con- /31

ditions is so small that their contribution to the section can be

only % 0.1 mbarn.
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Thus, if with increase of the primary proton energy there is

no increase of the total quasielastic scattering section or broaden-

ing of the primary proton scatter cone, the contribution of quasi-

elastic scattering to the measured a increase is no more than 0.9

mbarn, i.e., no more than 0.5%.

B. Comparison with Other Results

We see from the above analysis that the observed a
i n  increase
p-C

cannot be explained by trivial physical processes (6 electrons,

quasielastic scattering).

The question naturally arises of the degree to which this in-

crease in the high-energy proton interval contradicts (or agrees

with) the available data on behavior of the inelastic interaction

section of protons (nucleons) with the light nuclei in the cosmic

ray particle energy interval ranging from hundreds to thousands

of GeV.

Measurement of the effective inelastic interaction section of

cosmic ray particles having energy of hundreds of GeV with atomic

nuclei has been made by many authors, primarily at mountain eleva-

tions [12 - 17]. In these studies, the inelastic interaction section

of all cosmic ray particles (nucleons and pions) with Fe atomic nu-

clei was measured. By inelastic interaction they meant those inter-

actions in which the primary particle transferred to 0 mesons a

significant part of its energy (from several to tens of percent).

In each of the cited studies, the effective section was measured

with statistical accuracy % 7 - 10% for particle energies of

several hundred GeV.

Therefore, the question of a i n increase or invariability was

resolved by comparing the measured section with accelerator meas-

urement results (different apparatus and different technique). The

effective section was not measured in any of the studies performed

in cosmic rays, other than the present investigation, using the
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same apparatus and technique over a wide energy interval - from

particle accelerator energies up to hundreds of GeV. In the studies

[12 - 17] made in cosmic rays, no account was taken for the differ-

ence in the inelastic interaction sections of pions and nucleons, in

spite of the fact that the interaction section was measured of parti-

cles, among which pions constitute % 30%. Therefore, it is not clear

which data the measured section should be compared with. However,

if we account for the pion fraction in the particle flux at those

altitudes at which the measurements were made, account for the dif-

ference in the effective sections of pions and nucleons with energy

% 100 GeV obtained in cosmic rays in [18], and introduce into the

results of [12 - 17] the corresponding correction, then the corrected

sections will exceed by about 10% the values obtained for particle /32

acceleration energies [11]. The single available study on cosmic

rays in which the primary particles were neutrons with mean energy

= 100 GeV [181, gave in 216 + 20 mbarn. This result does not
p-C

contradict our data.

No direct measurements are available in the nucleon energy

range E > 1012 eV. However, we can obtain relations which permit meas-1

uring the lower limit of the effective inelastic interaction section

of nucleons with air atom nuclei for energies (2 - 5) * 1012 eV,

with quite good statistical accuracy. A detailed analysis of the

experimental data on methods and results of determining the lower

effective inelastic interaction section limit is presented in [11].

We shall cite the final results from that study.

The first method - comparison of the relative fluxes of

strongly interacting particles Isi (E), traveling without accompani-

ment by other particles, and of all particles of the same energy

Ina (E) (regardless of accompaniment by secondary particles) -

yields for inelastic proton interaction in air the range X < 75 +

5.5 g/cm 2 for E > 6 1012 eV. Hence, in > 280 + 21 mbarn [11].
p-C
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The second method - comparison of the absolute fluxes of single

nuclear-active particles with the flux of protons of the same energy

incident on the top of the atmosphere - yields Gin > 300 + 13p-C =

mbarn for particles with E > 5 - 1012 eV [11]. (The interaction

section with air nuclei was scaled to the interaction section with

carbon nuclei, using the law a ' A 2 / 3 .)

We see that both methods lead to ai n  increase, exceeding con-
p-C

in
siderably the measurement error. We obtain the mean a value for

p-C
-l12

E = 5.5 10 , by averaging the results of both methods:

(<) > =29411 mbarn.

This value is also shown in Figure 3 by the x symbol. The entire

in
ensemble of data obtained on the a dependence on E in the 20 <

p-C

E < 600 GeV interval can be described by a single empirical relation

S= o ( 1-aIn -0 -,

-2
where a0 = 216 + 17 mbarn, a = (6.8 + 1.2) 10 -

Conclusions

1. Measurements of the effective inelastic interaction sec-

tions of protons with carbon nuclei in the energy interval from 20

to 600 GeV yield ai n  increase by at least 20 + 5%, with transition
p-C

from 20 to 200 GeV energy. Systematic and physical effects can ex- /33

plain no more than 4% increase.

2. Measurement of the effective inelastic proton-prdton inter-

action section in the energy interval 20 - 600 GeV were made with

8 - 20% accuracy. The relation obtained does not contradict the

similar section increase obtained for an C in the same energy
p-C

interval.
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3. The available experimental data on effective inelastic

interaction sections of cosmic ray particles with light atomic nu-

clei for energies of a few hundred GeV and for energies of several

thousand GeV do not contradict the results obtained aboard the Pro-

ton 1, 2, 3 space stations.
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ENERGYIDISTRIBUTION OF PRIMARY COSMIC RAY PARTICLES IN

THE 1010 - 1014 eV ENERGY INTERVAL MEASURED ABOARD

PROTON 1, 2, 3 SPACE STATIONS

N. L. Grigorov, V. Ye. Nesterov, I. D. Rapoporb,
I. A. Savenko and G. A. Skuridin

Introduction

The study of the primary cosmic ray particle energy spectrum /34

shape and, particularly, the chemical composition in the high-energy

region is of direct importance for two basic aspects of cosmic ray

physics: astrophysical and nuclear physical. In the first case, the

spectrum and chemical composition are those basic characteristics

which are directly associated with the mechanism of particle accelera-

tion and propagation in galactic space. In the second case, the

spectrum and chemical composition are those characteristics which

enter critically into the various models which interpret the pro-

cesses of ultrahigh-energy particle interaction with atmospheric

matter.

It is obvious that the most direct way to investigate primary

cosmic rays involves studies conducted at those altitudes where the

cosmic ray flux and composition have not yet been distorted by their

interaction with atmospheric matter, i.e., either at balloon altitudes
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or beyond the bounds of the atmosphere aboard AES. Studies of this

type in the high-energy particle region were initiated aboard the

Proton AES.

The basic results of high-energy particle study conducted

aboard the Proton 1, 21, 3 AES have now been analyzed. We shall re-

port the results obtained relating to two basic aspects:

1) the form of the all-particle spectrum without determina-

tion of their charge (ionization burst spectrum) in the energy in-

terval from 1011 to 1014 eV;

2) the form of the proton spectrum in the energy interval

from 1010 to 1013 eV.

The basic instrument used in studying the form of the energy

spectra was the SEZ-14 instrument, described in detail in [1]; there-

fore, we shall not discuss the principles of its operation. We simply

note that the SEZ-14 aboard Proton 3 was supplemented by two direc-

tion detectors (DD), located above the proportional counters (PC)

(see Figure 1, page 14j of the present volume). Each of these detec-

tors was a telescope consisting of two plastic scintillators with

dimensions 37 x 37 x 1.5 cm 3 , between which were located four plexi-

glass Cherenkov counters, 16 cm in diameter and 3 cm thick. The

total area of the Cherenkov counters in each DD was 800 cm 2 . These /35

Cherenkov counters were used as motion direction detectors for the

particles passing through the proportional counters, and as particle

selectors with respect to charge. The DD reduced the SEZ-14 instru-

ment relative aperture by a factor of nine; therefore, they were used

differently in the two halves.

In the first half of the SEZ-14 instrument, the DD was con-

nected to generate a coincidence signal from the sensors determining

the instrument angular aperture. In this case, a signal exceeding

\ 0.4 Vprob, where Vprob is the most probable pulse created by a
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l-meson at sea level, was required from the Cherenkov counter. Ioni-

zation bursts E. were recorded in the same fashion as aboard the Pro-
1

ton 1 and 2 AES (since Ei is a "simple" signal which does not include

coincidences with other signals); in addition, events of the type

ZN1 DD EC., Z1N 2 DD EC , analogous to the events Z N E and ZIN2EC.
1 1 1 1

aboard the Proton 1 and 2 AES, were recorded, but with the require-

ment for the presence of an impulse from the Cherenkov counter.

In the second half of the SEZ-14 instrument, the DD served as

a charge meter: amplitudes of the Cherenkov counter impulses lying

in a "window" extending from 0.4 Vprob to " 2Vprob , were selected,

and only these pulses were used to generate the complex signals

Z N1 DD EC.. The signals from the Cherenkov counter were not used
1

to generate the "master" pulse, therefore, it was possible to conduct

parallel measurements with and without the DD, i.e., we could measure

the intensities of the events ZlN 1Ec , ZlN 2Ec., as was done aboard

the Proton 1 and 2 AES.

Measurement Results

§1. All-Particle Energy Spectrum

The all-particle energy spectrum is simply the spectrum of the

ionization bursts caused in the ionization calorimeter by all cosmic

ray particles, regardless of their nature, location of entry into the

ionization chamber, and direction of travel.

We should note that if the chemical composition is independent

of particle energy, the heavy nuclei flux in the high-energy region

constitutes about 40% of the flux of all particles of given energy.

If we consider that the interaction range in iron for heavy

nuclei is somewhat less than the proton range, and for this reason

the heavy nuclei will release in the ionization calorimeter a
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relatively larger part of their energy than the protons, then the

nuclear share in generation of the recorded bursts constitutes about

60 %.

If a primary particle with energy EO, EO + dEO strikes an ele-

mentary area dS. = dx i . dy i (the subscript i denotes the number of

the ionization calorimeter face), and with probability W (u, Z) re-

leases the energy fraction u = Er/EO, then for a power-law primary

particle spectrum I (E0 ) dE 0 = A/EoY ) dEO, the number of the ioniza- /36

tion bursts corresponding to the energy release Er, Er + dE r, recorded

per unit time, will be

AdEr 2n /2

N(Erl dEr= EV Sdx, dy S d dp cosP sin x X v-I(u, Z)du (1)

where a and 1 are the angles at which the primary particle crosses the

th
i ionization calorimeter face; Z = Z (x, y, a, B) is the total path

traveled by the primary particle and the avalanche which it generates

in the ionization calorimeter.

We denote

- 2n n/2

dx, jdy, da S cos p sin Prd= l Si=r

Fgl is the global geometric factor (in our case, rgl = 7 (S1 + S 2 +

S 3 ) cm 2 • sr, where S1, S2, S3 are the areas of the base and two

sides of the ionization calorimeter).

Then the expression for N (E r) d E r can be rewritten in the form:

N(E IdEr AdEr _

where

Sdx, j dy, da cos P sin dP $ v- 'W (u, Z) du

rg (2)
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and 1 A

(3)

or
oN E A I = 1 (E)

gl "  (Y -- 1) _ r -I

(u )v (3a

where E
E=-

Thus, to obtain the absolute flux of the primary particles

creating bursts with energy release Er in the ionization calorimeter,

it is necessary to refer the measured burst intensity N ( Er)/Fg /37

E
to the energy of the first particles E0  r 10 1

(UY-1) y - 1

Previously [3], we took as:(,v-)-1 *-the mean energy release u,

corresponding to the ionization calorimeter mean thickness Z for iso-

tropic irradiation of the calorimeter by the particles. In this case,

Z= 220 g/cm2 Fe, u = 0.30.

A more exact calculation performed by Titenkov, in accordance

with [2], yields for y - 1 = 1.7 (-_l)v-1 = 0.26, i.e., EO = 3.9 Er

(in place of 3.3 Er in our previous publications [3]).

The gain of the PM-49 instrument used to record the light flash

in the ionization calorimeter was selected so that the triggering

threshold of the first amplitude discriminator was ten times greater

than the pulse created by a single muon passing through the entire

ionization calorimeter, whose thickness was 386 g/cm 2 . It follows

from this that the energy release El, corresponding to the first

threshold V1 is
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E1 = 10 1.3 ' 1.5 . 106 . 386 g/cm 2 = 7.5 109 eV.

Therefore, when recording ionization bursts by the first threshold,

the primary proton energy E0, 0.1 = 3.9 E1 
= 29 GeV.

With each subsequent threshold Ei., there is compared the primary

proton energy E = 29 Vi/V 1 GeV, where Vil is the pulse amplitude

corresponding to the discriminator triggering threshold. However,

this "correlation" of the discriminator thresholds does not take into

account the possible photomultiplier sensitivity variations as a re-

sult of the effect on the photomultipliers of large vibrational over-

loads in the initial stage of the flight.

Therefore, we utilized the latitude effect of the protons re-

corded by the first threshold, i.e., the dependence of the Z N1EC.1

event count rate on geomagnetic rigidity R.

The results of these measurements

are shown in Figure 1, from which we see 7, ,

that the threshold rigidity for protons

corresponding to triggering of the first -

discriminator of the second half of the

SEZ-14 is equal to 11 GeV/c, or the G e Vc /38

kinetic energy El = 10 GeV (theoretical
Figure i. Count rate

value of E1 corresponds to 15 GeV). of events Z1 NEC I (1)

However, on the average, when recording and ZlN 1 EC (2) of sec-

ionization bursts, less energy by a ond half of SEZ-14 in-ond half of SEZ-14 in-
factor of two is released than when re- strument aboard Proton

2 versus geomagnetic
cording protons, i.e., the first thresh- 2 versus geomagnetic

rigidity
old will correspond to mean proton energy

2. 10 = 20 GeV (theoretical value is

29 GeV). Thus, for the second half of the Proton 2 SEZ-14 instru-

ment, Ei = 20 Vi/V1 GeV.
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Ionization bursts of given magnitude E. are created not only by
1

protons, by also by heavy nucleli. Moreover, for nuclei, the quantity

uY - 1 will depend on the atomic weight A of the nucleus. We considered

only the dependence of the interaction range of a primary nucleus of

atomic weight A with Fe atomic nuclei, assuming that the cascade

shape is independent of A.

Under this assumption, we found that

A4= 1.1; ~(A=14)= 1.25 u(A=3'= 1.33.
(A= )u(A )1) u(A 1)1

With account for the fraction of different nuclei a (Ai) and u (Ai),

we relate the given energy release E i to the mean particle energy

E ,i, where
20 V _ Y ,

Eo.,= V(A) = 19 GeV
(~ u (Aj) V

u(A= 1)

The energetic "correlation" of the first discriminator to the lati-

tude effect could not be accomplished for all the instruments, but

only for those SEZ-14 halves in which the threshold was low enough to

record protons with E < 15 GeV. Therefore, "correlation" of the en-

ergy scale of all the instruments was accomplished as follows.

For each kt h instrument, the energy threshold Ek,i, correspond-

ing to the amplitude Vk i of the pulse, triggering the ith discrimi-

nator can be expressed in terms of E - the energy threshold of

the second amplitude discriminator

Ek., h V,11 (4)

In order to determine Ek,2, we plotted the ionization burst

count rate Nk (> Vki) for each instrument as a function of the ith

discriminator triggering amplitude Vk,i. The results are presented
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in Figure 2, from which we see that all the integral spectra N(-Vkj)I

have a power-law form with the same spectrum exponent, i.e.,

N,(MV.~,)= _i , but several different values of Bk . This differ-

ence is associated with different photomultiplier gain. The equality

Nh(:-E,) = N(gE2)' must be satisfied, meaning that with the correct

determination of the energy scale, the energy spectra measured by all

the instruments will yield the same intensity of particles of the /39

same energy. Therefore,

A, 2 = p E2 I N(:Eh) 2) 4Vi (-.sNk>EA) ' (5)

where E 2 is the second energy threshold on the second half of the

Proton SEZ-14 for recording ionization bursts, and N(aE, ) is the

burst count rate corresponding to this threshold.

Using the data of Figure 2, Expressions (5) and (4), and radio-

technical calibration, i.e., the values of Vki, we plotted the en-

ergy spectra of all particles for each SEZ-14 half (k = 1 - 6). The

results of six independent series of ionization burst spectra meas-

urements made aboard the Proton 1, 2, 3 AES are shown in Figure 3.

The absolute intensity of all particles recorded based on the /40

number of ionization bursts I ( Ei) was determined using the magni-

tude of the geometric factor rgl and the Expressions (3) - (5).

We see from Figure 3 that the measured integral all-particle

10 14
spectrum in the energy range 5 * 10 - 10 eV can be approximated

by a power function of the form I( E)=AE--with'--l11= 1.73 + 0.05. Thel

error in the exponent y - 1 is due, not to the statistics of the ob-

served ionization bursts, but rather to the experimental point scat-

ter, the reason for which may be the low stability of the individual

amplitude discriminator thresholds.
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Figure 3. Integral all-
particle energy spectrum.
Notations same as in Figure 2.

Figure 2. lonization burst count
rate versus amplitude V of signal
coming from SEZ-14 ionization All the experimental
calorimeter installed aboard Pro-

ton i, 2, 3, AES: points for particle energy

i - Proton i, first half; 2n1eea erE us (3 - 5) mpt10 eV lie some-

Proton i, second half; 3 - Pro-
ton 2, first half; 4 - Proton 2, what below the approximating
second half; 5 - proton 3, first function with y - 1 = 1.73,
half; 6 - Proton 3, second half

which can be considered an

indication of possible increase

of the exponent for particle energies > 1014 eV. However, we cannot

assign serious importance to this fact, since when recording ioniza-

14
tion bursts of corresponding particle energies r' 3 10 1eV, the

amplitude of the signal taken from the photomultiplier anode reaches

values of 150 V. Therefore, we cannot be certain that the intensity

decrease for E u 3 • 1014 eV is not the result of disruption of the

linear relationship between the light flash magnitude and pulse

amplitude.
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§2. Primary Cosmic Ray Proton Energy Spectrum

Singly charged particles of given energy were separated in the

SEZ-14 on the basis of pulse amplitudes in both proportional counters.
th

Cases of triggering of the i energy release discriminator in the

ionization calorimeter accompanied by triggering of both scintilla-

tion counters were assigned to the proton recording category if the

pulses in both proportional counters did not exceed 2.7 Vprob (where

Vprob is the most probable value of the pulse amplitude created by

muons at sea level).

In the previous proton spectra analyses, we used only those

cases in which in the upper scintillation counter - the interaction

detector - the pulse amplitude corresponded to passage through the

detector of a single particle, i.e., we used events of the type

Z N 1E. [4]. As is well known, the spectrum of these events in the
1

12 1

energy interval E 1012 eV experienced marked increase of the expon-

ent from about 1.7 (for E < 1012 eV) to about 2.5 in the energy in-

terval 2 - 1012 - 1013 eV.

Reverse current particles may play a definite role in selection

of the events Z1N 1 EqCi . Although calculations made in [3] showed thati

we cannot explain quantitatively the observed proton spectrum slope

change by the reverse current of particles from the ionization calori-

meter into the interaction detector and proportional counters, never- /41

theless, the general tendency for increase of this effect with energy

increase stimulated us to seek an approach to the experimental data

which would permit significant reduction of the possible reverse cur-

rent influence on the proton spectrum.

To this end, we relaxed the requirement for single particle

passage through the interaction detector, i.e., all particles with

charge Z = 1 were recorded, regardless of the pulse amplitude in the
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interaction detector. Technically, this was accomplished by separate

measurement of the intensity of events with fixed energy release Ei ,

when the pulse amplitude in the proportional counters corresponded to

a singly charged particle and a single particle was in the interac-

tion detector, i.e., events Z 1NEC.. (These cases were assigned
1

their own telemetry channels, since they were later used to measure

the effective inelastic interaction sections.) We also measured in-

dependently the number of cases with the same energy release Ei, with

the same impulse in the proportional counters, but with number N of

particles in the interaction detector exceeding 2 (N2 > 2). Thus,

events Z N1EC. and Z N2EC. were recorded separately. The sum of the
1 1

intensities of these events is independent of the reverse particle

current from the ionization calorimeter to the interaction detector.

In order to reduce the probability of scattered reverse current parti-

cles entering the proportional counters and thereby reducing the num-

ber of protons recorded, we plotted the proton spectrum (intensity of

the sum of events Z 1N 1EC. + ZN 2E C.) only from those measurement
1 1

seances in which the carbon or polyethylene targets were located be-

tween the proportional counters and the interaction detector.

The intensities I (Z 1N 1EC. + Z1N 2EC.) were measured on the first
1 1

and second halves of the Proton 2 SEZ-14 and on the second half of thel

Proton 3 SEZ-14. The results of these independent series of measure-

ments, made by three different instruments, are shown in Figure 4.

This figure also shows along the ordinate axis the Z N1EC. + Z N2EC.1 1

event count rate (right hand scale, experimental points 1, 2, 3).

The energy thresholds of the different instruments were referred to

the same scale using the result of measurement of the ionization

bursts E..
1

We see from Figure 4 that all three series of measurements with-

out DD yield results which agree well with one another and, just as
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when recording only the Z N1EC. events [4], yield a change of y, the
1

proton spectrum exponent, in the interval E > 2 - 1012 eV. Thus,

this change of y is not associated with the reverse particle current

from the ionization calorimeter into the DD.

The solid line in Figure 4 represents the function

E + E 0o.3 5, (6)1(E)2 50

where E is proton energy in GeV; /42

A is a normalizing coefficient.

We have noted previously that be-

cause of "overcount" [3], the ab-
*/

solute proton flux intensity from /Z

the measurements of the ZN 1E .

event count rate, and also the ,

Z N E + ZN2EC event count
1 1 -"
i i -, -

rate may be too high by several

fold. E

We were able to estimate the .' "

magnitude of the "overcount" when . ' 4eV) 0

recording particles with energy
Figure 4. Integral proton

10 GeV after analyzing the energy spectrum; events
available information on cosmic Z N1 EC + ZIN2EC.

1 1
ray particle count rate using the 1 - first half of Proton 2

SEZ-14 telescope, consisting of SEZ-14; 2 - second half of

the interaction detector and the same; 3- second half of
Proton 3 SEZ-14; 4 - events

lower scintillation counter. The Z1N 1 DD EC. + Z1 N2 DD EC.
i i

geometric factor of this tele- (first half of Proton 3 SEZ-
(first half of Proton 3 SEZ-

scope was % 800 cm2 . sr. The 14, measured with DD)

count rate at high latitudes was

-i -I
S220 - 250 sec , and at the equator - 75 sec , i.e., the absolute

cosmic ray particle flux intensities measured by this telescope at
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high latitudes was 0.28 - 0.31 cm - 2  sec -  sr , and at the

-2 -1 -1equator - 0.09 cm 2  sec 1  sr.

Thus, at high latitudes, the average intensity corresponds to

the literature data, while at the equator it is four times the true

cosmic ray particle flux. Consequently, the "overcount" (when re-

cording double coincidences) amounts to a factor of about four. When

measuring the all-particle flux at the equator, using the same SEZ-14

telescope, with the additional requirement that the particles pass

-2 -1
through the DD, the measured intensity was 0.04 - 0.045 cm -  sec

-i
sr , i.e., inclusion of the DD into the all-particle recording system

reduces the "overcount" by a factor of two. The imposition of the

requirement for fixed energy release in the ionization calorimeter

(as is the case when measuring the events Z1N1 DD EC. and Z 1 N1 DD EC.) /43
i i

should reduce still further the probability of "addition".

Therefore, at the present time, the most reliable determination

of the absolute high-energy primary proton flux can be obtained from

measurement of the Z N1 DD EC. + Z N2 DD EC. event intensity.
1 1

Analysis of the information obtained showed that II(Z1 N1 DD EC +

Z1 N2 DD EC.) is independent of target position; therefore, in order
1

to increase the statistics (particularly necessary for proton ener-

12
gies E > 5 10 eV), we present the ZIN1 DD EC. + ZIN 2 DD EC. event

1 1

intensity, obtained as the mean intensity value from all the measure-

ments, with and without targets.

In order to obtain the absolute proton flux intensity, the meas-

ured count rate was divided by 14 cm2  sr. The geometric factor of

the SEZ-14 instrument with DD is less by a factor of nine than with-

out the DD, i.e., r = 47 cm2 . sr; from muon flux measurements at sea

level without and with the DD, we determined the probability of
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recording a singly charged particle by the proportional counters and

the direction detector: this probability was n = 0.6; with account

for shading of the SEZ-14 entry window by the Earth (coefficient 0.5)

r * • 0.5 = 14 cm 2  sr.

The results of proton flux measurement based on the sum of the

intensities Z N1 DD EC. + Z N 2 DD EC. are shown in Figure 4 (crosses).
1 1

The absolute proton fluxes obtained from the intensity of the events

Z N1 DD EC. + Z N 2 DD E are plotted on the left scale; the inten-
i i

sities Z N 1 EC. + ZIN 2 EC. were normalized to the intensities of the
1 1

events ZIN1 DD EC. + Z N 2 DD EC. at the point E = 1011 eV; the nor-
1 1

malization coefficient was found to be equal to one third, i.e., the

"overcount" in the events Z N1EC. + Z N2EC. yields a factor of about
1 1

three.

We see from Figure 4 that measurements with and without the DD

yield the same proton spectrum shape:

Ip ( 3)=3.10-4 1162 -2 -1
- - O .35 cm .sec -sr (6a)

where E is measured in GeV.

An important characteristic of the measurements with DD is the

fact that in this case, protons entering the SEZ-14 instrument only

from the DD side are recorded. They pass through the proportional

counters and then enter the ionization calorimeter. Particles enter-

ing the SEZ-14 instrument through the lower base and yielding a signal

Z = 1 in the proportional counter are not recorded. We verified this

as follows.

Using the indications of the three-component magnetometer in-

stalled aboard the Proton 3 AES, we selected those time intervals

when the SEZ-14 instrument had its "entry window" facing the Earth.

60



Counting of the events ZN1 DD EC. and Z1 N 2 DD EC. terminated each
1 1

time the instrument was oriented in this way, relative to the Earth.

In spite of the fact that the conditions of proton spectrum /44

measurement with and without the DD are different, the shapes of the

spectra obtained by the different methods coincide. This means that

the observed increase of the spectrum exponent in the energy interval

E > 2 ' 1012 eV is not associated either with the possibility of re-

cording reverse-traveling particles (without DD) or with the reverse

stream (as was the case in the preliminary measurements of only

S1N1E . [3].
1

§3. Discussion of Results

1. Absolute high-energy particle flux intensities

The fluxes of protons with energy E > 15 GeV have been deter-

mined in several experiments performed aboard balloons, using nuclear

photoemulslions.

The proton flux I (E > 15 GeV) = 96 + 13 m 2  sec -I  sr
p

-2 -1 -1
was obtained in [51, and 86 + 12 m- 2  sec * sr- was obtained in

[6]. The proton flux I (E > 15 GeV) = 83 + 12 m 2  sec -  sr-p
-2 -1 -1

i.e., the mean value for Ip (E > 15 GeV) = 88 + 7 m -  sec -  sr - I

was obtained in [7]. If we extrapolate our measured proton spectrum

using (6) to energies E = 15 GeV, and equate Ip (> 15 GeV) = 88 +

7 m-2  sec- sr- 1 , we obtain the value for the coefficient A:

-4 -2 -1 -1
A = (4 + 0.3) 10 cm sec sr . Our measurements yield

-4 -2 -1 -1
A = 3 • 10 cm sec sr , i.e., they are in agreement with

the data obtained in the low-energy proton interval. The basic in-

determinacy in the value of A obtained in our experiments is asso-

ciated with inaccuracy of the energy "correlations" with respect to

the cosmic ray latitude effect.
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2. Comparison of proton and all-particle energy

spectra

If we approximate the all-particle spectrum by a power-law func-

tion of the form I (> E) = B (100/E)-1, where E is measured in GeV,

-4 -2 -1 -1
we see from Figure 3 that B = 6 - 10 cm * sec * sr , and

y - 1 = 1.73 + 0.05.

For the proton spectrum measured with DD under conditions of

minimal "overcount" of particles from directions exceeding the limits

of the solid angle defined by the SEZ-14 geometry, we obtained the

-4 -2
Expression (6), where E is measured in GeV and A = 3 * 10 cm

-1 -1
sec * sr We see from these data that in the particle energy

interval 1011 - 1012 eV, the ratio of the all-particle flux and the

proton flux of the same energy I ( E)/Ip (> E) = 2 (for E < 1000 GeV),

i.e., it is in good agreement.with the expected ratio. (We noted

previously that about 50% of the recorded bursts will be created by

nuclei with Z > 2, and 50% by protons.)

We note that the ratio I (> E)/Ip (> E) = 2 obtained is inde-

pendent of the energy correlation inaccuracies, since these inaccura-

cies alter the values of B and A to the same degree. The question

arises of whether or not the observed all-particle spectrum contra- /45

dicts the fact that the proton spectrum experiences a break at E %

2000 GeV, while the spectrum of all nuclei with Z > 2 remains power-

law with a single spectral exponent over the entire measured energy

interval.

In order to answer this question, we calculated the expected burst i

spectrum under the assumption that the Z > 2 nuclei burst spectrumi

1.62
has the form IZ (> E) = A • (100/E ), while the proton burst

spectrum has the form (6). Under these assumptions, the observed

burst spectrum will have the form:
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1(;:,E)=A-(1oo/E).62t ± [1 + (El1500)21 0 .35  (7)

-4 -2 -1 -1
where A = 3 ' 10 cm * sec * sr . This function is shown by

the solid line in Figure 3. We see from Figure 3 that (7) describes

well the experimental all-particle spectrum. Thus, the proton spec-

trum exponent change for E > 2000 GeV does not contradict the ob-

served all-particle spectrum.

Thus, representation of the integral all-particle spectrum in

the energy interval 102 < E < 105 GeV by a single power-law function

with exponent y - 1 = 1.73 is approximate, and apparently does not

reflect the actual, more complex superposition of spectra of particles

of different nature (protons and heavy nuclei).

3. Comparison of measured spectra with high-energy

nucleon spectra in the atmosphere

For a long time it was thought that the high-energy nucleon

spectra in the atmosphere at different heights contradict the primary

particle spectrum, i.e., they are purely power-law with integral

spectrum exponent y - 1 = 1.6 - 1.7. This idea was based on three

assertions;

a) independence of nucleon effective inelastic interaction

section on their energy;

b) independence of nucleon interaction inelasticity on their

energy;

c) purely power-law form of the primary cosmic ray spectrum.

In recent years, several studies have been made of the energy

spectra of strongly interacting particles and high-energy y quanta

at various altitudes in the atmosphere [8 - 14]. In spite of the

difference in the methods used, in most of the studies it was found
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that in the particle energy interval > 1012 eV, the integral spectrum

exponent y - 1 = 1.85 - 2, i.e., somewhat larger than for the primary

particles. With strict satisfaction of the three conditions listed

above, y - 1 cannot change. Consequently, the available experimental

data indicate that certain of the listed characteristics are weak /4

functions of particle energy.

Experiments aboard the Proton AES showed that ain changes by

u 18% with transition from E = 20 GeV to E = 200 GeV, i.e., assump-

tion "a" is not satisfied exactly. According to our primary particle

spectra measurements, condition "c" is also not satisfied.

In this connection a question arises: what will the nucleon com-

ponent spectra be like at various altitudes in the atmosphere, if we

assume that the primary particle spectrum and ain are like those

measured aboard the Proton AES? Does not a conflict with the avail-

able experimental data arise in this case?

In order to answer this question, we calculated the vertical

nucleon flux spectra at various atmospheric depths x (g/cm 2 ) under

the following assumptions:

a) the primary proton spectrum has the form shown in Figure 4;

b) the Z > 2 nuclei spectrum has a power-law form

Iz(J.:E)='3.10-4 (O/E1'.62 cm-2sec -1sr-

c) during collision with the air atom nuclei, the primary cosmic

ray particle nuclei partially fragment into nucleons (the fraction of

nucleons retaining the original energy is 50%);

d) the nucleons have mean inelasticity coefficient K = 0.55.

At the depth x, the primary protons and the nucleons arising

from heavy nucleus breakup contribute to the nucleon flux. Since the
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range for heavy nuclei interaction in air is short, we can consider

in the first approximation that the nucleon flux at the top of the

atmosphere consists of two components:

(E, = )= F,(E, x 0)+Fz(E,x=),

where F,(;E, x=0)(is defined by (6a), and

Fz(>E, x=O)=C(100/E).62 cm - 2 . sec - . sr -

F are primary protons; Fz are nucleons from nuclear fragmentation;

E is nucleon energy in GeV.

Since for E < 10 GeV/nuc, the fraction of nucleons packed in the

nuclei amounts to % 40% of the free proton flux with the same energy

[15], and since we have assumed that during fragmentation, half the

-4
nucleons retain the original energy, then C = 0.5 • 0.4 - 3 10 =

-40.6 . 10

In the calculation, we took the range for inelastic interaction

2 in
with air atom nuclei X = 83 g/cm , in accordance with the ap-C value

obtained in experiments aboard the Proton 1, 2, 3 AES for proton with

E > 200 GeV [2].

The nucleon flux F (E, x) with energy E, E + dE at the depth x /47

(g/cm2 ) was calculated by successive approximations:

F (E, x) =E-(dE (xK)EFf l 1' (8)
n=o

where K is the coefficient of inelasticity.

The calculation results are shown in Figure 5 by the solid lines.

The experimental data of various authors are also shown in this

figure.
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Figure 5. Nucleon energy spectra at
various depths in the atmosphere: :

I - x = 20 g/cm2 (dash-dot line is
calculated y quanta spectrum, point

12 /-
for E = 3.5 . 10 eV is normed to '
the calculated spectrum); II - x

2 2 C51
200 g/cm ; III - x = 530 g/cm2; lt

IV - x = 700 g/cm 2 (dashed line is I
the same spectrum shifted with re- -
spect to energy 20% to the right);
V - 2 neutron spectrum for x = 1000 /
g/cm , calculated under the assump- r -
tion that the neutron flux consti-
tutes 50% of the nucleon flux; 1 - I

nucleon spectrum (x = 20 g/cm 2), de-
termined from the y quantum spectrum

[10] underlthe assumption EH = 3.5 Ey
2 - nucleon spectrum (x = 200 g/cm 2 ) X .
obtained from the y quantum spectrum 'o f
[11] under the assumption EH = 3 E ;

3 - nucleon spectrum (x = 530 g/cm2)
obtained from the y quantum spectrum .,
[12] under the assumption EH = 3.5 E y;eV,

4 - spectrum of all nuclear-active

particles (x = 700 g/cm2), determined
using an ionization calorimeter [8]; 5 - spectrum of all nuclear ac-

tive particles (x = 700 g/cm2), determined from ionization burst meas-

urement [9]; 6 - neutron spectrum at depth x = 100 g/cm 2 [13]

We see from Figure 5 that the available experimental data agree

well with the expected nucleon component spectra at all atmospheric

depths, calculated from primary-proton and complex nuclei energy dis-

tribution measurement aboard the Proton 1, 2, 3 AES.

As was noted in [3], in order to match the measured ain and the
p-C

single high-energy nucleon flux [9], it is necessary to assume that

the primary proton integral spectrum exponent in the energy interval /48

E > 101 2 eV has a value of r 2.3 - 2.5.
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The fact that the primary cosmic ray spectrum is not purely

power-law, while the nuclear spectrum is power-law, leads to a situa-

tion in which, as we can see from Figure 5, the high-energy nucleon

spectra in the depth of the atmosphere will not be purely power-law.

A consequence of this will be the fact that the nucleon absorption

range in the atmosphere will be a very weak function of energy: for

E t 1011 eV, L = 109 g/cm 2; for E = 10 - 1013 eV, L = 101 g/cm 2 .

n n

For higher energies, Ln again increases somewhat if the nuclear

spectrum exponent remains unchanged up to primary particle energies

> 1015 eV. There are experimental indications of weak decrease of Ln

with transition from nucleon energies of E 1010 eV to E t 1012

1013 eV.

Thus the decrease of Ln with increase of nucleon energy finds

its natural explanation without assumptions on change of the basic

characteristics of the elementary interactions act.
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APPARATUS FOR STUDYING COSMIC RAYS ABOARD THE

PROTON 4 SCIENTIFIC STATION

N. L. Grigorov, I. D. Rapoport, I. A. Savenko,

L. F. Kalinkin, and G. P. Kakhidze

Introduction

The Proton-4 autlomatic scientific station was launched on Nov- /49

ember 16, 1968, into near-Earth orbit with apogee 495 km and perigee

255 km, providing long station lifetime. The task of the Proton 4

station included continuation of high- and superhigh-energy cosmic

radiation studies initaated aboard the Proton 1, 2, 3 heavy artifi-

cial Earth satellites (AES).

The major portion of this program involves investigation of

cosmic ray energy and charge spectra, and investigation of the most

important characteristics of high-energy particle interaction with

atomic nuclei as a function of energy. Another portion of the program

is associated with seeking in the primary cosmic rays, hypothetical

fundamental particles with fractional electric charge (quarks), and

recording of high-energy electrons in near-Earth space.

In the following, we describe the scientific equipment complex

installed aboard the Proton 4 space station.
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A wide-aperture energy and charge spectrometer (IK-15) was con-

structed to measure particle energy and charge spectra, and study

nuclear interaction characteristics; this spectrometer constituted

the major part of the apparatus. Two other instruments were designed

to perform the second part of the program: high-energy electron flux

measurement was accomplished by an SEZ-12 instrument; quark recording

was accomplished by an SEZ-13 instrument. Both instruments are im-

proved modifications of installations used aboard the earlier Proton

stations.

I. Particle Energy and Charge Spectrometer (IK-15)

for Studying High-Energy Cosmic Radiation

One of the most urgent problems of astrophysics is the study of

high- and superhigh-energy particle fluxes in cosmic space, deter-

mination of their composition, energy spectrum, and the characteris-

tics of their interaction with matter.

The systematic development of experimental studies in this di- /50

rection makes it possible to approach the solution of the very im-

portant problem of high-energy cosmic radiation particle origin, and

explanation of their propagation processes in the Galaxy. At the

same time, the same circle of questions is of great interest in study-

ing the properties of the elementary particles which have been dis-

covered in the high-energy interaction processes. The cosmic radia-

tion particles permit considerable broadening of the energy interval

of nuclear studies, which can be conducted on accelerators only up to

1010 - 1011 eV. The cosmic ray energy spectrum extends considerably

beyond this limit, and makes it possible to conduct effective studies

of this nature up to 1015 - 1016 eV - the practical limit is deter-

mined only by the decaying nature of the spectrum and the ability of

the latest experimental equipment to utilize the weak high-energy

particle fluxes.

The latter situation is one of the major difficulties accompany-

ing the conduct of cosmic ray experiments. It requires long exposures
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of the equipment beyond the Earth's atmosphere and the use of suffi-

ciently fast radiation detectors. At the same time, the physical

variety of the branching processes, which take place in matter during

high-energy particle passage, leads to inevitable methodological com-

plication of the experiment and the need for multiple methodological

variations with the objective of sufficiently precise study of the

phenomena. Also complicated is the composition of the cosmic radia-

tion itself - both in the nature and energy of the particles and the

isotropic nature of the spatial distribution. Under these conditions,

the achievement of adequately definite and reliable results is pos-

sible only by means of a systematic investigation, consistently de-

veloped into a series of goal-directed experiments.

The first step, preparing the required methodological bases for

the development of cosmic ray studies in the high-energy interval,

was the development of the ionization calorimeter method for measur-

ing particle energy i 0i' eV [1]. While retaining definite analogy

with the calorimetric method and being based on the principle of parti-

cle energy absorption in a block of matter with subsequent measurement

of the absorbed energy using the ionization effect, this method re-

quires the use of a large amount of absorbing matter and the construc-

tion of a complex and heavy detecting device [2]. Therefore, initia-

tion of the use of this method for direct study of primary cosmic

radiation beyond the limits of the atmosphere is closely associated

with the development and construction of heavy AES, which are opening

up a new era in cosmic space exploration for scientific studies.

The first series of experiments conducted to study high-energy

primary cosmic radiation was carried out aboard the Proton 1, 2, 3 /51

scientific stations. These studies involved determination of the

charge composition in the energy interval near 109 eVVnuc [3, 4];

measurement of the overall cosmic radiation energy spectrum up to

1014 eV (protons up to 1013 eV) [5 - 13]; measurement of the effec-

tive inelastic nuclear interaction section of high-energy protons

with light nuclei, such as carbon and hydrogen [5, 6, 8, 10, 14 - 19];

study of the electron component [5, 6, 20, 21]; search for quarks
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[22, 23]; recording the gamma quanta in the primary cosmic radiation

flux [24]. The basic apparatus was an ionization calorimeter with

relatively small absorber volume (thickness about three ranges for

nuclear interaction and cross section 0.25 m 2 [25], which limited

the measurement accuracy.

The next step in the development of these experiments aboard the

Proton satellites was directed primarily toward increasing energy

measurement range and accuracy.

The Proton 4 scientific station was equipped with radiation de-

tectors of considerably wider relative aperture, which permitted

realizing the program noted above in the primary particle energy up

to 1015 eV. At the same time, the more complex and differentiated

ionization calorimeter configuration, with a large amount of absorb-

ing matter (Figure 1), not only made possible more exact measurement

of particle energy, but also permitted tracing the process of sequen-

tial energy absorption in the calorimetric material. The range of

Figure 1. General view of Proton 4 station scientific
apparatus complex (left) in comparison with that of the

preceding Proton stations (right)
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nuclear investigations was also broadened. In addition to measuring

particle inelastic interaction sections with light nuclei (carbon,

hydrogen), provision was made for analogous measurements on heavier

nuclei (iron and lead) and wider study in this energy interval of the

act of impinging particle collision with the target nucleus was

undertaken.

In the following, we present a description of the instrument in-

stalled aboard the Proton 4 scientific station and intended for per-

forming these studies - this instrument is designated IK-15. It can

be classified as a high-energy particle spectrometer for studying

cosmic radiation in the interval 1011 - 1015 eV.

1. Schematic ofIK-15 Spectrometer

The instrument consists of the following basic components (see

Figure 2):

1) ionization calorimeter for measuring energy;

2) rccorded particle charge detectors (DD1, DD21, PC2, PC11);

3) targets for studying nuclear interactions;

4) detectors of particle interaction with target atomic nuclei

(PC3, PC4, PC7 - PC10);

5) auxiliary radiation detectors for generating recording

control command.

During operation of the instrument in cosmic radiation flux,

the following are accomplished:

a) global recording of particles from all directions;

b) selection of particles in a relatively narrow solid angle in

the direction passing through all the radiation detectors.
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The recording of particles in the /53

global flux is accomplished only by the Z

ionization calorimeter, which permits in

this case carrying out global measure-

ments of the energy spectrum of all parti-

cles. Thanks to the large mean effective

recording area and large "viewing" angle

(the effective solid angle in this case

is equal to approximately 2 r steradians),

these measurements cover the largest pos-

sible energy interval. The relative aper-

ture is one of the essential ionization

calorimeter parameters, since it deter- in' j

mines the upper recorded particle energy Figure 2. Schematic

limit. For given absorber thickness, the of IK-15 charge and

relative aperture is determined by its energy spectrometer:

1 -- targets; 2 --cross section and, in the final analysis, 1 - targets; 2 -
Cherenkov counters;

by the permisslible apparatus weight. The 3 - charge detector

geometric factor of the ionization calori- DDl; 4 - proportional
counter PC2; 5 - in-

meter for global flux recording under the teraction detectors -
proportional counters

assumption of 50% shadow of the instru- proportional counters
PC3, PC4; 6 - ioniza-

ment by the Earth is F = V (Sx + S + tion calorimeter; 7 -

5 2 proportional counters

SZ) = 1.4 • 10 cm sr, where Sx' Sy' PC5, PC6; 8 - propor-
tional counters PC7 -

S are the calorimeter face areas. Quite PC11; 9 - charge de-
tector DD2; 10 - thin

effective particle recording in global graphite targets; 11 -
ionization chambers

flux up to 10 eV is possible with this IK-1 to IK-16

relative aperture and an exposure time of

about 100 days. For comparison, we note that the relative aperture

of the ionization calorimeter of the SEZ-14 instruments aboard the

4 2
Proton 1i, 2, 3 AES was 2.7 - 10 cm sr, for global particle

recording.

Recording in a selected direction is accomplished in a consider-

ably smaller solid angle, determined by the charge detector on one

side, and by the proportional counters at the exit from the ionization
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calorimeter on the opposite side. Since the ionization calorimeter

is symmetric in this direction relative to the entrance and exit, it

was advisable for maximal utilization of the flux in this solid angle

to install two charge detectors: DDI for particles entering the

calorimeter from one side, and DD2 for particles coming from the op-

posite side. In order to differentiate these directions, the charge

detectors DDI and DD2 were given selective sensitivity. Each of

these detectors, roughly speaking, records particles entering the

instrument only from one side and, therefore, they serve at the same

time as detectors of the direction of particle entry into the in-

strument.

Particle separation in this solid angle is accomplished by

selecting coincidences of the electrical signals from one of the

charge detectors (DDI or DD2) with the signals of the proportional

counters PC3 or PC4, PC5 or PC6, and one of the counters PC7 - PC11.

The geometric factor of this "telescope" is considerably smaller than

in the first case, and amounts to 420 cm 2 * sr (we recall that the

corresponding geometric factor of the SEZ-14 instrument aboard Proton

3, operating together with the direction detector, was 47 cm2 . sr).

Therefore, the possible energy measurement interval in this solid

angle is smaller (up to % 1014 eV). However, the accuracy of these

measurements within the given solid angle is considerably higher, and

particle charge measurements and study of the nuclear processes in /54

the target and calorimeter material are possibly only for this

separated flux.

Let us examine the recording of a particle entering the instru-

ment through DDI. Below DDI is located the two-layer PC2, performing

multiple control particle charge measurements. Then follow the in-

terchangeable carbon and polyethylene targets with thickness equal

to % 1/4 of the range for nuclear interaction. The carbon and poly-

ethylene targets replace one another periodically, and part (" 1/3)

of the time measurements are conducted without targets (the targets

are removed from the ionization calorimeter entrance window).
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Detection of interaction in the targets is made by PC3 and PC4 by

recording the secondary particle showers which arise as a result of

interaction. In the first five lead absorbing layers (2.5 cm thick

each), there is intense electron-photon avalanche development, due

to decay of the neutral w-mesons generated in the act. The energy

transferred to these particles can be determined from the indications

of the four ionization chambers IK-1 to IK-4, located between the

layers. A more sensitive ionization detector PC4 is located below

the first lead layer in order to record weaker ionization effects.

The overall thickness of the lead part of the calorimeter is suffi-

cient, on the average, for electron-photon shower development at the

maximal planned primary particle energy. Thus, the upper lead part

of the calorimeter is intended for separation and measurement of the

energy of the first electron-photon avalanche arising as a result of

the first act of particle interaction with the target nucleus.

The further particle interactions and transformations take place

in the following 13 iron absorber layers with total thickness 855

g/cm 2 , scattering of energy in which is monitored by the ionization

chambers IK-5 - IK-16 located here. The presence of the iron and

lead layers, monitored by individual ionization detectors, makes it

possible to measure the particle interaction sections on heavy nuclei.

In this case, the proportional counters PC7 - PCll at the calorimeter

exit serve to restrict the solid angle, in the limits of which pri-

mary flux recording takes place.

A particle entering the instrument from the DD2 side crosses

the control PC11 (analog of PC2), and enters a block of layered tar-

gets. Here are located four thin graphite layers, each 2.26 g/cm
2

thick, with a proportional counter after each layer (PC7 - PC10) as

an interaction detector. In view of the low probability of secondary

particle multiplication processes in a thin layer, we can determine

from the proportional counter indications, the multiplicity of the

secondary particles generated in the interaction act on the graphite

nucleus. The subsequent processes in the ionization calorimeter do

not differ from the case examined above of particle entry into the
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instrument from the DDI side. The counters PC3 and PC4 limit the /55

solid angle for the flux recorded from the DD2 size.

In addition to combined operation of the charge and energy de-

tectors, autonomous particle recording by DDI and DD2, apart from the

ionization calorimeter, is accomplished in the IK-15 instrument,

which makes it possible to determine the particle charge spectrum in

the energy interval 109 - 10 eV/nuc.

Let us turn to a more detailed description of the design fea-

tures and basic parameters of the IK-15 functional components.

2. Ionization Calorimeter

Absorber. The amount of absorbing matter in the ionization

calorimeter determines energy measurement accuracy and, therefore, is

one of the important instrument parameters. The maximal thickness of

the IK-15 absorber in the direction determined by the charge detec-

tors (Figure 2) is 855 g/cm 2 of iron and 140 g/cm 2 of lead, which

amounts to 7.5 nuclear interaction ranges. On the average, about 90%

of the primary particle energy is absorbed in this amount of material.

We recall that the calorimeter thickness of the SEZ- 1 4 instruments,

installed aboard the Proton 1, 2, 3 AES, was only 386 g/cm 2 Fe, which

constituted about three nuclear interaction ranges [25]. In that

calorimeter, the protons released, on the average, 50% of their en-

ergy. For global particle recording aboard the Proton 1, 2, 3 AES,

the average absorber thickness in the calorimeter was 220 g/cm 2 Fe,

and, in this case, the protons released % 30% of their energy. Aboard

the Proton 4 station, the average absorber thickness for global parti-

cle recording is around 400 g/cm 2 , i.e., about three nuclear inter-

action ranges. The average fraction of the particle energy absorbed

in this case is close to 50%.

Energy measurement accuracy depends essentially not only on the

amount of absorbing matter in the ionization calorimeter, but also
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on the number of detectors measuring the ionization created in the

absorber. The thickness of an individual absorber layer was selected

close to that which is necessary on the average for maximum develop-

ment of the electron-photon avalanche arising in the layer as a re-

sult of nuclear interaction of a particle with minimal limiting en-

ergy in the interval being recorded (U 1011 eV).

On the basis of these considerations, the absorber was divided

into 13 layers of iron. For constructional reasons, the iron layers

were made of different thickness - from 4.8 to 9.8 cm.(the absorber

layers were thinner in the middle part of the calorimeter because of

the necessity for locating the additional telescope counters PC5 and

PC6). The general construction of the absorber is shown in Figure 3.

The major portion of the absorber is made of iron. The advisability

of selecting iron as the absorber material was pointed out in [2]. /57

In addition, the iron calorimeter absorber forms a quite strong load-

carrying structure, which reinforces the entire apparatus.

Ionization chambers. The ionization chamber was made from

1.5-mm-thick stainless steel in parallelepiped form, with external

dimensions 900 x 1045 x 33.8 mm (Figure 4). The chamber was divided

by rigid partitions into 15 sections with common gas filling. The

dimensions of each section were 30 x 60 mm, length 945 mm. Section-

ing stiffens the structure and permits reducing the time for collec-

tion of the charges formed in the gas. The internal electrodes were

made from 1-mm-diameter steel filaments stretched along the sections.

The filaments were loaded to 40 kg by means of springs. The filament

ends were attached to cermet insulators mounted on two supports. All

the filaments were electrically connected to a common collector, with

the lead exiting through a feed-through insulator. High voltage is

applied to the electrode, and the electrical signal arising upon

particlej passage is taken out through this lead. The chamber is

welded. A high degree of chamber housing hermeticity is achieved

using argon-arc vacuum welding. The chamber capacity was degassed

-4
prior to filling by evacuation at a temperature of +2000 C to 10 mm

Hg for one day. The degree of chamber hermeticity achieved can be
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Figure 3. Absorber of IK-15 ionization calori-
meter (upper five layers lead, remaining layers

iron):

1 - lead filter; 2 - type-1 plate; 3 - type-2
plate; 4 - right side panel; 5 - adapter; 6 -
type-3 plate; 7 - type-4 plate; 8 - left side

panel; 9 - attach bracket

characterized by the inleakage magnitude % 10 - 5 liters ' im Hg/sec.

2
The total chamber volume is 27.5 liters, the working area is 0.8 m

The structure weighs 26 kg.
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Figure 4. Construction of ilonization chambers (IK-1 to IK-16)

The chamber is equipped with a special value for evacuation and

gas filling. Provisions are also made on the housing for attachment

fittings which make it possible to mount the chamber in the calori-

meter and mate it with the electronic units.

The ionization chambers are filled with xenon with the addition

of 5% nitrogen to a total pressure of 790 mm Hg. The use of a gas

with high density (incomparison with argon, for example) makes it

possible to increase the ionization effect created in the chamber by

fast charged particles. The addition of nitrogen shortens the charge

collection time and stabilizes the amplitude of the electrical im-

pulses in relation to possible oxygen impurities. The total thick-

ness of the gas layer in the chamber in the direction perpendicular

to its plane is 18.3 mg/cm 2 . A fast singly charged particle crossing
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the chamber in this direction creates in the gas 1.3 • 103 ion and

electron pairs losing to ionization about 28 KeV. The recordable

part of the electron component collects under the influence of the

electrical field on the inner electrode (chamber filament) in a few

microseconds, and creates here an electrical impulse of negative

polarity with amplitude proportional to the energy released in the

gas. If the charge formed in the gas were collected completely, it

would create in the singly charged ionizing particle case a voltage

pulse with amplitude 0.8 pV (the electrical capacity of the chamber

is 268 + 2 pF).

The operating voltage on the ionization chamber was determined /59

from the following considerations.

20 c .

Sob

Figure 5. Relative magnitudes of electrical impulse ampli-
tudes at ionization exit chamber from a particles as func-

tion of chamber working voltage:

a - particle tract direction from midpoint of section side
wall toward inner electrode; b - particle track direction
from midpoint of section upper wall toward inner electrode

Figure 5a shows a curve expressing recorded impulse amplitude

versus ionization chamber voltage. Here, Pu 2 3 9 a-particles deposited

on the side wall of a standard chamber section (the sections had di-

mensions identical to those of the section in the working chamber)

were used as the ionization source. In this case, the worst condi-

tions for charge collection are realized, since the region with mini-

mal electrical field intensity is subjected to ionization. With an
operating voltage of 1750 V established on the chamber, recording of
85% of the charge is accomplished under conditions of a-partitle
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impulse amplitude "saturation" (Figure 5). The "saturation" region

is reached in the interval 2.2 - 3.0 kV. At voltages exceeding 3 kV,

secondary processes leading to gas amplification begin to show up.1

An analogous curve is shown in Figure 5b for the case when the ion

column is created by a-particles along the perpendicular to the plane

of the chamber - from the midpoint of the section upper wall to its

filament. This is the most favorable case for charge collection,

since the ion column crosses the region with maximal electrical field

intensity.

For the selected 1750 V operating voltage, conditions are real- /60

ized under which ion recombination along the track does not occur

for weakly ionizing singly charged

relativistic particles and minimal r ,psecl

charge collection time is achieved. ; e

Figure 6 shows the duration T, of Z

the impulse front observed from an Z J c,kV

a-particle emitted from the section
Figure 6. Duration of a-side wall versus chamber operating Figure 6. Duration of
particle impulse front as

voltage magnitude. The impulse front function of chamber operat-

duration measurement was based on the ing voltage (particle track
direction from side wall of

time interval between signal levels section toward inner elec-

0.1 and 0.9 of the peak value. We trode)l

see from Figure 6 that, with increase

of the operating voltage above 1800 V, the value of T decreases only

slightly. At the same time, this operating voltage magnitude is sig-

nificantly less than the value at which gas amplification begins to

show up.

Proportional counters. Proportional counters are sensitive

ionization detectors which permit reliable recording of small ioniza-

effects, beginning with a single singly charged relativistic particle.

Proportional counters of large area for studying high-energy particles

in cosmic space were first developed for the Proton 1, 2, 3 scien-

tific stations.
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The proportional counters perform a different role in the IK-15

system: they form a "telescope" which limits the solid angle of the

system when recording single particles (PC4 - PC7), and make it pos-

sible to establish passage through the filter of a primary particle

without shower accompaniment, acting as interaction detectors (PC3,

PC7 - PC10. As previously mentioned, the counters PC2 and PCll below

the DD detectors monitor the charge of the primary particles being

recorded.

The variety of counter functions led to differences in their con-

struction, although the general configuration of these detectors is

the same.

The construction of the counters PC8 - PC10 is shown in Figure 7.

These counters, with working area 1.25 m , contain 17 sections with

section dimensions 30 x 60 mm. The overall gas volume of the counter

of this type is 51 liters. The counter weighs 35.6 kg. The counter

dimensions correspond to the dimensions of the divided filters be-

tween which they are positioned as interaction detectors.

The construction of the counters PC4 - PC7, located below the

calorimeter absorbing layers is analogous. Their working area is 0.8

m 2 ; each contains 15 sections of the same dimensions. The overall

gas volume of the counter of this type is 27.5 liters, weight is 25.5

kg. The counters PC4 - PC10 each have a single electrical lead. The

counters PC2, PC3, PCll have a large gas gap 50 mm high; moreover,

they are dual-layer counters which permit ionization measurements of

high accuracy and identification of single singly charged particles.

One counter of this type, PC11, is shown in Figure 8. This counter

is divided into two layers, each of which has two electrical leads /62

for recording ionization impulses. In each layer, they are 15 sec-

tions of dimensions 50 x 83 mm each. The two layers have common gas

filling. "The overall counter working area is 1.54 m 2  In essence,

the counter contains in a common housing four sectional proportional

counters. The counter PC2 is of analogous construction. It consists

of two layers with 16 sections in each layer with four electrical
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Figure 7. Construction of proportional counters PC8 - PC10



Figure 8. Construction of proportional counter PCll

leads. The proportional counter PC3 is two-layer with a single elec-

trical lead from each layer. In each layer there are nine sections

of 50 x 83 mm each. The counter working area is % 0.8 m2 .

Along each section of every counter, a 0.1-mm-diameter tungsten

filament is stretched (with tension 0.4 kg) to serve as the inner

electrode. The filament is attached to two insulators (see Figures

7, 8). The filaments of all sections of a single layer or part of

the sections, as in the PC2 and PC11 counters, are joined electrically

and have a lead passing through a feed-through insulator for voltage

supply and electrical impulse recording. The housings of all the

counters are made from 1.5-mm-thick stainless steel, using the same

technique and the same degassing procedure as the ionization cham-

bers. Tests have shown that with the use of this technology both

the proportional counters and the ionization chambers remain operable

and maintain their sensitivity up to a year without refilling.
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The proportional counters are filled GAffS

with argon with 10% methane addition to a

total pressure of 270 - 300 mm Hg. a quite

high gas amplification factor is achieved /o

at this pressure and 1.6 - 1.7 kV voltage ,

on the counters. When a fast singly charged

particle passes through the counter in the

direction perpendicular to its plane, a , 4

voltage impulse with most probable ampli-

Figure 9. Countertude % 1 mV appears on the counter lead.
gas amplification fac-

Figure 9 shows an experimentally obtained tor versus operating

plot of gas amplification factor (GAF) voltage:

1 - for pressure 240in the proportional counter versus supply
mm Hg; 2 - for pres-

voltage. sure 300 mm Hg

Ionization detector adjustment and ionization impulse measure- /6

ment. The ionization detector unit includes: ionization chamber or

proportional counter, high-voltage source (transformer) for chamber

(counter) supply, electronic impulse amplifier, and (in the propor-

tional counter units) two additional amplitude discriminators -

threshold devices to discriminate the "window" corresponding to the

ionization effect of a single singly charged particle. The unit is

a structural whole, and its adjustment is accomplished as part of

the system, together with the subsequent electronic metering circuits.

Adjustment of the proportional counter unit sensitivity is ac-

complished by varying the voltage on the counter, the gas pressure in

the counter, and the gain in the electronic circuits. The amplifier

has two amplification stages. The first stage with gain 20 is suf-

ficient for output of signals to the next metering device. The sec-

ond (gain % 30) is required to excite the amplitude discriminators.

The adjustment of the PC unit is accomplished using a natural source

of fast singly charged particles -- -mesons, constituting the hard

component of cosmic radiation at sea level.

Figure 10, I(a) shows the amplitude spectrum of p-meson im-

pulses recorded at the proportional counter PC2 (upper left quarter)
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a - p-meson amplitude spectrum at sea level at
counter output; b -- distribution of counter sensi-
tivity over five segments; I - upper left quarter
of counter; II - upper right quarter of counter;
III - lower left quarter of counter; IV - lower

right quarter of counter

amplifier output. The abscissa is the AI-100 impulse amplitude

analyzer channel number, the ordinate is the number of impulses re-

corded in the corresponding channels. The spectrum illustrates the

amplitude scatter at the impulses coming from the given detector out-

put when fast singly charged particles pass through the detector.

The triggering threshold of the first discriminator, required for

the detector to record any singly charged particle (this threshold

corresponds to an amplitude of r 200 yV at the porportional counter
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output),islindicated on the abscissa axis. The most probable spec-

trum amplitude corresponds to " 1 mV at the amplifier input.

Figure 10, I(b) shows results of tests of counter sensitivity

uniformity over its area, broken down into five equal segments. The

amplitude spectrum recorded on the given segment was determined for

each segment, the most probable amplitude values are shown on the

graph. We see from Figure 10, I(b) that the counter sensitivity non-

uniformity over its area, referred to the average value, does not

exceed 10%.

Analogous spectra and sensitivity nonuniformity characteristics

for various parts of counters PC2 and PC3, and also for counter PC4,

are shown in Figure 10, II, III, IV, Figure 11, I, II, and Figure 12.

am' a

Threhold ChannelsAI-100\ Tf h ChanneslAI-1001
Threshiod tThreshold& Threshold! t"Thresho dd

o
o 0

I I ff.APC segment segment

o Figure 11. Characteristics of proportional counter

PC3:

I - upper half of counter; II - lower half of
counter; a, b - same as in Figure 10

In connection with the objective of the PC3 and PC4 counter

units, which act as interaction detectors, correct adjustment of the /65

"window", which permits discrimination of single singly charged par-

ticle passage from passage of several particles, takes on particular

importance in these units. Critical here is the establishment of the

triggering threshold of the second amplitude discriminator, which
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sets the upper limit of the "window". A satisfactory compromise was

found in the relationship between the second discriminating threshold

and the probable amplitude in the spectrum, which is indicated in

Figures 11, I, II and Figure 12. With this adjustment, the effective- /66

ness of single singly charged

particle recording in the "window" al

limits is 75%, while the proba- E a

bility of recording two particles

as a single particle is less . ' "-

than 20 %. z7f t ChannelAI-1001
a 2Thres Threshold~
o old(

Adjustment of the ionization

chamber unit involves setting the b

required electronic amplifier

sensitivity. The lower limit of c J
CI Z I P 2 grC segmentl

recordable amplitudes is bounded o

by amplifier input self-noice Figure 12. Characteristics of

(, 15 V).l Here, reliable record- proportional counter PC4:

a, b - same as in Figure 10ing can be initiated with the

ionization effect created by

simultaneous passage of 50 - 60 fast singly charged particles. With

account for this value and also the threshold sensitivity of the fol-

lowing measuring circuits (f' 5 mV), the gain is set at 250 - 300.

Two techniques for calibrating the electronic.circuits were

adopted in order to correlate the recorded impulse amplitudes with /67

the ionization effect created in the detector: calibration by a

"reference" charge and calibration by voltage pulses.

The first technique involves applying a charge equivalent to

definite energy release in the ionization detector gas to the ampli-

fier input circuit through a small calibrating capacitor (u 5 pF).

The second technique involves applying to the amplifier input voltage

pulses simulating the impulses generated by the detectors for given

energy release in the gas. In both cases, quite exact simulation

of the calibrating pulse shape is essential for equivalent recording.

Figure 13 shows as an illustration the pulse shapes observed at the
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ionization chamber amplifier output for calibration by charge (a)

and voltage pulse (b) in comparison with the pulse from an a-particle

(c) emitted from the side wall of one of the sections. Analogous

puls shapes observed at the output of the proportional counter

amplifiers are shown in Figure 14.

7 , , c, Tscan nse

a z q 6 ,scan isec/

Figure 131. Shapes of pulses Figure 14. Shapes of pulses
observed at ionization chamber observed at proportional counter

amplifier output: amplifier output:

a - from calibrating signal a - from p-mesons; b - from
for calibration based on charge; calibrating voltage impulses
b - for calibration by voltage
impulses; c - from a-particles

The pulses from the amplifier output are directed to a multi-

channel amplitude meter. Each ionization detector output channel

(except for counters PC5 and PC6, which serve only for control signal

generation) is equipped with individual amplitude analyzers. Certain

channels are equipped with two analyzers to increase the measurable

amplitude dynamic range (the channels of proportional counters PC4,

PC7 - PC10 are of this type). The amplitude analyzer performs double

analog-numerical conversion of the recorded pulse amplitude into code /68

and transmission of the code to the telemetry system. The amplitude

analyzer also performs temporal selection (with resolution time 5 - 6

psec) of the recorded pulses and amplitude analysis of the input

pulse; storage of the code corresponding to the pulse with subsequent

transmission to the telemetry system is accomplished only in the pre-

sence of an enabling command in the form of a control pulse generated

by the IK-15 logic unit. Linear pulse transmission without significant
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amplitude distortions upon control command is the first operation

carried out in the analyzer.

The second operation entails logarithmic transformation of the

amplitude of the impulse selected for recording into six-place binary

code. With account for the adopted amplitude quantization step of

% 10%, the analyzer permits amplitude measurements in the dynamic

range up to \ 10 . A second conversion into two-place octal code is

accomplished in the subsequent output circuits. At the output of

each of these places, there are eight quantized voltage levels (from

0 to 6 V), which are transmitted directly to the telemetry system.

Amplitude recording of the pulses measured by a single analyzer is

accomplished by two telemetry channels. The information on the am-

plitude of each recorded pulse is retained until the arrival of the

next pulse. At the moment of arrival of a command for pulse trans-

mission, preliminary "clearing" of the memory unit is performed.

In all, the IK-15 amplitude and measuring unit includes 42 ampli-

tude analyzers for measuring the amplitudes of the pulses coming from

the proportional counters, ionization chambers, and Cherenkov counters

in the charge detectors.

Figure 15 shows the amplitude-number calibration characteris-

tic of the proportional counter circuit. The calibration was per-

formed by calibrating voltage pulses applied to the PC amplifier in-

put. The input amplitude values are shown along the abscissa axis

to logarithmic scale, and the corresponding values of the numerical

code generated at the amplitude analyzer output are shown along the

ordinate axis. We see from the graph that the amplitude variation

range is 800. The measurements begin with amplitudes comprising 0.2

of the most probable value Iprob corresponding to fast singly charged

particle passage, and reach amplitudes corresponding to passage of

160 particles. This is the ionization measurement range for the

proportional counter. If two measureing circuits are available, the

measurement range expands to ionizations corresponding to 2 • 104

particles.
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Figure 15. Typical amplitude- number characteristic for cir-
number characteristics of cir- cuit for recording pulses
cuit for recording pulses from from ionization chamber

proportional counter

IK- 2(ampli!-
fier 119)j

The ionization chamber meas-

urement circuits components have

similar characteristics. Figure

16 shows the amplitude character- 6 _ i

istic of the ionization chamber 1fier 159(amp

circuit. Here, the calibration /69

voltage pulse amplitudes at the / lee /M& Uin , mV

amplifier input are expressed as
Figure 17. Actual amplitude-the number of fast singly charged number characteristics of

particles creating equivalent circuits for recording pulses
from ionization chambersionization in the chamber gas from ionization chambers

IK-2 and IK-5:
(abscissa axis). We see from the

1 - for calibration based on
figure that measurements can be charge; 2 - for calibration

carried out here for the ioniza- by voltage pulses

tion effects created by simul-

taneous passages of from 40 - 50 particles, up to 2 . 104 particles.

For certain ionization detector components, the characteristic

does not have the ideal form presented in Figures 15,116. Shown as

an illustration are the characteristics of the IK-2 and IK-5 measure-

ment circuits (Figure 17); curves 1 correspond to circuit calibra-

tions based on charge, curves 2 correspond to calibrations by volt-

age pulses; the ordinate axis is the number of pulses at the ampli-

tude-number converter output. Characteristics 1 and 2 do not differ
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significantly in form, indicating equivalence of the two calibration

techniques. Their shift along the abscissa is associated with the

scaling coefficient difference, which must be taken into account in

referring the arbitrary amplitude values shown along the abscissa

axis to the amplifier input.

Calibration generators which could be activated and deactivated

on command from the Earth were provided in order to check for sensi- /70

tivity change of the amplification circuits and metering devices dur-

ing the experiment. The calibration voltage pulses are applied to

the input of each amplifier in the ionization chamber and proportional

counter systems. The magnitudes of these calibration amplitudes

(CG1 and CG2) are indicated on the amplitude characteristics of

Figures 15 and 16.

3. Charge Detectors

The DD charge detector is one of the essential functional com-

ponents of the IK-15 spectrometer. As indicated by the name, its

basic task is to determine the nature of the cosmic radiation parti-

cle being recorded by the instrument by measuring its charge. The

principle of these measurements is based on recording the Cherenkov

radiation excited by a relativistic charged particle in a transparent

medium. The intensity of this radiation depends quadratically on the

transiting particle charge. This principle is widely used in experi-

mental studies of primary cosmic radiation composition, specifically,

it was used for these same purposes aboard the preceding Proton

scientific stations.

The primary procedural and technical difficulty in its realiza-

tion in application to the IK-15 spectrometer involved the necessity

for creating a detector which exceeded considerably in effective area

all preceding experiments of similar nature.

The basic idea of the DD design was to configure a detector of

large area from a large number of small Cherenkov counters which had

been tested systematically during previous experiments in space. The
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following "stepped" instrument structure was adopted: four Cherenkov

counters were combined into a section forming a completely autonomous

instrument; four sections operating into a common measurement output

constitute the DD. The presence of the four independent sections

ensures high reliability of the instrument as a whole.

Figure 18 shows a plan view of the general configuration of DD1,

consisting of four sections. The sections are mounted in a common

frame 2. The frame crosspieces provide quite rigid support for each

Figure 18. Configuration of DDI charge detector
sections (top view):

1 - detector supports; 2 - common frame; 3, 4,
5 - electronic units

of the sections. The DDI is attached by four welded supports 1 to

the ionization calorimeter above the continuous filter unit. The

DD electronic units (3, 4, 5) are mounted on the side surface of the

frame. The configuration of DD2 is similar with one essential dif-

ference: mounting of DD2 on the IK-15 is accomplished using two

welded supports.
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A schematic of one section with in-

dication of the corresponding geometric

dimensions is shown in Figure 19. The

section consists of four Cherenkov

counters, joined by two common scintilla-

tion counters, forming the "telescope".

Coincidence of pulses coming from both /7 2

counters at the moment of particle pass-

age through the telescope serves as a -

signal for selection and amplitude analy-

sis of the impulse at the combined output - - "

of the section Cherenkov counters. The -

dimensions shown make it possible to

estimate the relative aperture of the

Figure 19. Schematic
entire DD instrument. The geometric Figure 19. Schematicof one DD charge de-

factor of the DD is 1960 cm sr, which tector section

exceeds by 18 times the relative aperture

of the charge detector used in [3].

Let us examine in more detail the construction of the scintilla-

tion and Cherenkov counters. Each scintillation counter consists of

a radiator and two PM-53 photomultipliers. The scintillation counter

radiator is made from a plastic scintillator using polystyrene with

the addition of p-terphenyl. The radiator has the form of a plate

with dimensions 375 x 375 x 15 mm. All the radiator surfaces are

polished, the side surfaces are, in addition, coated with white

enamel for diffuse scattering of the light, which permits increase

of the radiator light output.

Structurally, the scintillation counter is made in the form of

a plate, on which the scintillation counter housing is mounted. The

radiator is located in this housing. For protection against mechani-

cal damage during vibration, the radiator is packed between two pads

fabricated from 2-mm-thick rubber, and a 2.5-mm-thick rubber pad is

provided around the perimeter between the housing and the radiator;

the radiator is held down by a cover. Gaskets made from paronit
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material are provided between the housing, cover, and plate to ensure

light tightness; recording of the light impulses is accomplished by

two photomultipliers (PM) which are in optical contact with the radi-

ator through a light guide. To obtain good optical contact, the con-

tacting surfaces of the PM, light guides, and radiators are coated

with silicone vaseline and lapped together carefully. Mounting of

the PM-53 photomultiplier, together with the high-voltage dividers,

is accomplished with the aid of a special framework, which is designed

to protect the PM against extraneous light and prevent mechanical

damage.

The Cherenkov counter (Figure 20) consists of the radiator 1

and PM-49 photomultiplier. The radiator is made from plexiglass in

the form of a 154.5-mm-diameter cylinder, 30 mm high. The radiator

surface contacting the PM-49 is polished, all the other radiator sur-

faces are matte and coated with black enamel to absorb the Cherenkov

radiation arising in the radiator from cosmic particles entering the

instrument from the PM.

The Cherenkov counter radiator and PM-49 photomultiplier are

mounted in a special housing. The new Cherenkov counter design

utilized the PM-49 housing which had been used aboard Proton 1, 2, 3,

and which had proved to be a convenient and reliable unit. The hous-

ing protects the PM against extraneous light and mechanical damage, /73

and also ensures reliable optical contact of the PM with the radiator.

The photomultiplier, radiator, and electronics mounted on the housing

form an individual electronic unit.

Mounting of the photomultiplier and radiator is accomplished as

follows. The photomultiplier is supported in the housing with its

shell resting on a gasket 3 made from vacuum rubber bonded to the

clamping ring 4. Clamping of the photomultiplier to the radiator is /74

accomplished by three screws 5 which pass through threaded sleeves 6

and are connected with the clamping ring.
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Figure 20. Cherenkov counter

The radiator and optical contact are mounted on the photomulti-

plier. For reliable contact, the photomultiplier and radiator con-

tacting surfaces are coated with silicone vaseline and lapped to one

another, after which the cover 8 with vacuum rubber gasket 91 is in-

stalled on the light-tight housing 7. The vacuum rubber provides

reliable protection of the radiator surface against mechanical damage

during vibratory loads.

In the cover 8 there is a threaded sleeve 10 with nut 11 for

attaching the lightguide 12 coming from the light generator. The
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light generator generates calibration light pulses which are applied

to the photomultiplier during adjustment of the Cherenkov counter

from the automatic sensitivity adjustment system.

All details of the light-tight housing are black anodized or

oxidized (depending on the material). The rivets, attach screws and

sleeves passing through the light-tight housing wall are coated with

black glyptal lacquer. The light-tight vacuum rubber gasket 13 is

provided where the light-tight housing joins the cover 8. In the

upper part of the light-tight housing adapter, there is installed

the plexiglass drum 14 with built-in voltage divider for power supply

to the photomultiplier dynodes. The electronic units which transform

the high-voltage power for supplying the photomultiplier and pulse

amplifier are mounted on the shell 15.

The anodes of the four PM-49 in one DD section are connected

together, and form the common signal output of the Cherenkov counters

of that section. The pulses from this output are amplified by a com-

mon amplifier (gain about 160) and discriminated by a common output

threshold device (threshold ZO 1.5 mV), which is triggered by pass-

age through the counter of any charged particle, including a singly

charged particle. The Cherenkov counter sensitivity is established

by selecting the voltage on the PM-49 (1.4 - 1.5 kV) so that the most

probable amplitude of the pulses excited by passage of a singly

charged particle will amount to 5 mV on the PM anodes. The choice

of such a low amplitude level for the singly-charged particle (Z = 1)

makes it possible under these conditions to record amplitudes over a

quite large dynamic range (up to Z % 50) in the limits of the photo-

multiplier amplitude characteristic linear segment.

Passage of a singly charged particle through the Cherenkov

counter is accompanied by considerable scatter of the excited pulse

amplitudes. Figure 21a shows typical amplitude spectra, recorded at

the PM output with p-meson passage (the ordinate is the number of

pulses recorded in the corresponding channel). The spectrum span /75

(width) determines the detector resolution for recording particles
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of different charges. In ,

the case of combined opera-
oo - P M v ioo

tion of four PM into a com- P

mon output, the width of PMi iY J

the overall amplitude spec-- Im

trum depends significantly le o J7 l J9 Ae

on matching all the PM Analyzer channels

sensitivities. Even with Figure 21. Amplitude spectra of p-
proper initial adjustment meson pulses for four Cherenkov

counters of one section prior to
of all the PM, in the course their adjustment (a) and forlm of

of time there will inevi- their combined spectrum after auto-

matic sensitivity adjustment (b)
tably be drift of the sen-

sitivity of each of them

and general detuning of the section.

Therefore, periodic autotuning of section PM sensitivity is

necessary. This requirement applies even more to the entire DD de-

tector', which combines 16 Cherenkov counters. A plotentiometric sys-

tem for PM sensitivity autotuning is provided in the DD detector.

Four reference light pulse generators (each section is serviced by

an individual light generator) are activated twice a day on command

from the Earth. The reference light pulses are directed with the

aid of flexible lightguides to the PM-49 photochathodes. The inten-

sity of these light flashes is regulated so that for normal PM ad-

justment they excite on the PM anode pulses with amplitude in the

range 200 - 215 mV.

After 20 minutes, the time required for light generator stabi-

lization, the mechanism which rotates the potentiometers regulating

PM supply voltage is activated. At the same time, the commutator

of this same mechanism connects the output of each of the photomulti-

pliers being tuned in turn to a comparison circuit, in which, on the

basis of the reference signal level, a command is generated which

controls the mechanism for rotating the corresponding potentiometer.

After checking and correcting the sensitivity of all 16 PM, the auto-

tuning system is deactivated. Autotuning of PM sensitivity relative
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to one another is accomplished by this system to within + 5%, which

is quite adequate for amplitude spectra matching.

Figure 21b shows the form of the amplitude spectrum recorded

from p-mesons with combined operation of the four Cherenkov counters

of a section when PM-49 sensitivity adjustment was accomplished with /76

the indicated degree of accuracy. Prior to autotuning, the amplitude

spectra from the same counters had the form shown in Figure 21a.

The general form of the amplitude spectrum recorded by four DD

sections operating into a common output when using autotuning is

shown in Figure 22b, in compari-

son with the spectrum recorded

by a single section (Figure 22a). VO0' -
a bl

The amplitudes of the Cher-

enkov counter pulses coming from

each section are summed after mV- ? - mV

preamplification in a common cir- 6e & 4, 64 *

cuit, and are then discriminated AI-100 channels

by six threshold devices, tune Figure 22. p-meson pulse am-
plitude spectrum at output of

to levels corresponding to pass- one DD section (a) in compari-
one DD section (a) in compari-

age of particles with charges son with amplitude spectrum

Z2 2 2, Z 3 : 6, Z2 4 ~ 10, Z5 20 , Z6> 3 0, obtained from combined output
of 16 Cherenkov counters with

Z 7 50. Triggering of the dis- sensitivity autotuning (b)

criminator Z. simultaneously with

the appearance of pulses from two scintillation counters indicates

passage within the limits of the solid angle of a particle section I

with charge > Z.. In this case, the DD electronic unit generates a

triple coincidence signal c 2Z i . The count rates of these signals

are recorded by the corresponding telemetry channels, and these data

contain information on cosmic radiation charge composition in the

energy interval 109 - 1010 eV/nuc.
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More precise amplitude measurements of the DD pulses are accom-

plished with the aid of the amplitude analyzers described above.

Here, use is made of two analyzers, which permit measurement

over a wide range: measurement of charges up to Z % 7 is accomplished

with the aid of the first (sensitive) analyzer, the second expands

the measurement range to Z % 50. Figure 23 shows the corresponding

amplitude-number characteristics

of these analyzers (the abscissa #

is the voltage pulse amplitude, I

referred to the PM-49 anode).

Measurement of the amplitudes in

these analyzers is accomplished

only on the corresponding command o 41 4/ i 4 U mV

from the IK-15 logic unit. Genera-

tion of this command is associated Figure 23. Amplitude-number
characteristics of DD1 charge

with passage of a particle of suf-
detector pulse recording

ficiently high energy in the limits system:

of the solid angle formed by the 1 - sensitive channel; 2 -

detector DD and proportional "coarse" channel

counters PC3 -PC10.

The detector DD also participates in generation of this command. /77

A signal T indicating coincidence of the pulses from the counters

PC3 (or PC4), PC5 (or PC6), PC7 - PC10 enters the DD electronic unit.

A corresponding signal z0 T , indicating coincidence of the pulse T

with the pulse c 2z 0, is generated in the DD electronic circuits. The

signal z0T indicates passage of a particle in the solid angle noted

above.

Another auxiliary signal, which is required for joint operation

of the DD with the ionization calorimeter, is generated in the DD

electronic circuits in the case of single singly charged particle

(proton) passage through the instrument. This signal zl, together
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with the signal T, forms the coincidence signal zlT, indicating

proton passage through the IK-14 in the limits of the specified solid

angle.

4. Targets

Each of the "thick" targets (graphite and polyethylene), located

below the charge detector DD1, is made structurally in the form of

two halves located opposite one another (Figure 24). Filter alterna-

tion is accomplished by sequential displacement of these halves in

the direction of the system operating window or beyond the limits of

this window. Each half is mounted

in an individual box of identical

construction for both halves.

The more dense carbon target is

distributed uniformly in the box

in three separate layers (Figure

25). The polyethylene target X >

fills the entire box volume in

five layers (Figure 26).

The total thickness of the Figure 24. Relative position-

2 ing of target blocks and di-
carbon target is 22.3 g/cm 2 , that rection of their displacement

of the polyethylene target is 26

g/cm 2 . The excess of polyethylene target matter in comparison with /79

the carbon target amounts to 3.7 g/cm 2, and is due to the hydrogen

atoms.

Alternation of the carbon and polyethylene targets is accom-

plished twice a day on command from the Earth. The basic configura-

tion is that when all the targets are withdrawn beyond the limits of

the system working aperture. In the next stage, the polyethylene /80

target is inserted. Then it is replaced by the carbon target. Then

measurements are again conducted with the targets removed.
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Figure 25. Cross section of carbon Figure 26. Cross section of poly-
target ethylene target
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The thin divided carbon targets are stationary. They are used

with the detector DD2 activated. Here, there are in all four carbon

layers, each 2.26 g/cm
2 thick.

5. Interaction Detectors

The two-layer proportional counter PC3, located beneath the

"thick" target, makes it possible, on the basis of the ionization ef-

fect created in this counter, to discriminate cases of single singly

charged particle (proton) transit without interaction in the target

from cases of inelastic interaction with formation in the target of

a shower of several secondary charged particles. In the first case,

the amplitude of the pulse from PC3 lies in the limits of the "win-

dow" between the first and second amplitude discriminator thresholds.

In the second case, the amplitude of the output signal goes beyond

the limit of the "window", which serves as an indication of inter-

action.

If charged particles do not arise in a nuclear interaction but

only of-mesons occur, then such interactions can be recorded on the

basis of the ionization effect in the proportional counter PC4 as a

result of electron-photon avalanche development in the lead filter

located above this counter. Therefore, simultaneous presence of

pulses from counters PC3 and PC4, with amplitudes in the limits of the

"window", can serve as an indication of absence of interaction in the

target. The IK-15 electronic unit identifies such cases specifically,

and generates on the basis of pulses from PC3 and PC4 a special sig-

nal N 1 , indicating absence of interaction in the target with passage

of a single singly charged particle. We can also estimate the mag-

nitude of the ionization effect in counters PC3 and PC4 from the

indications of the corresponding amplitude analyzers.

The proportional counters located between the thin divided tar-

gets act as interaction detectors. A special signal analogous to N1

is not generated for these counters; we can evaluate the absence or
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presence of interaction here by the indications of the corresponding

amplitude analyzers.

6. Auxiliary Radiation Detectors

Passage of a primary particle through the ionization calorimeter

may be accomplished by the appearance of secondary particles, which

are scattered in the reverse direction. These particles may strike

the corresponding detectors and distort the proton spectrum shape.

In order to study such phenomena, evaluate their probability, and

clarify their role in the measurements, in the upper part of the IK-15

instrument on the DDI side there are located shower indicators, as /81

which we use the four lower scintillation counters, forming part of

DDI and connected in pairs in the double coincidence scheme CiC j -

Coincidence of the pulses C. and C.j, arriving simultaneously from

several counters at the moment of recorded particle passage through

DDI and the ionization calorimeter, indicates passage through the

detectors of several shower particles. The counters PC2 (when DDI

is working) and PC11 (when DD2 is working) serve to determine the

number of such particles.

The auxiliary proportional counters PC5 and PC6, mounted in the

central part of the ionization calorimeter, participate together with

the other detectors in the selection of those primary particles which

pass through one of the charge detectors DD and the ionization calori-

meter. The counters are adjusted so that their output threshold

devices trigger only with passage through the counter of more than

ten shower particles.

7. Measurement Principle and Electronic

Recorder

Two measurement techniques form the basis of particle recording

in the IK-15 spectrometer. The first consists in selection of re-

corded events of a quite narrow class (for example, protons with

energy > E.) with subsequent measurement of the rate of occurrence
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of the identified events. The second technique involves individual

measurements of the amplitudes of the pulses from the sensors for

each recorded case. The first technique is used for recording fre-

quent events, the second is used for quite rare events, when indivi-

dual telemetry measurements can be made.

The first technique includes recording of global high-energy

particle fluxes. In these measurements, only a single detector is

used - the ionization calorimeter. The pulses from all the ioniza-

tion chambers are summed, with respect to amplitude in a common cir-

cuit, at the output of which amplitude discrimination of the pulses,

based on 10 levels E i (i = 1 - 10) approximately equally spaced on a

logarithmic scale, is accomplished. Measurement of the event record-

ing rate in the channels of these discriminators makes it possible

to determine the intensity of particles with energy Ei, and estab-

lish the shape of the energy spectrum in the interval 1011 - 1016 eV.

Recording of the cosmic radiation proton component is a measure-

ment of the same type. On the basis of the signals zlT, arriving

from the charge detector DD1, we identify protons which do not experi-

ence interaction in the target (signal N1 ) and pass in the limits of

the calorimeter solid angle with energy release > E.. The required= 1

particle selection is accomplished on the basis of coincidence of the

signals zlT, N1 , E . Recording of the events as a function of the

channels selecting these coincidences makes it possible to determine /82

the proton energy spectrum and measure their effective interaction

section with carbon and hydrogen nuclei by comparing the fluxes re-

corded in the presence or absence of the targets.

Measurements of this same type are associated with particle

separation on the basis of charges > z. in the detectors DDI and DD2,= 1

with subsequent recording of the c 2 zi event occurrence rate.
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Let us turn to measurements of the second type. Individual

measurements in the gilobal flux are made only in relation to the

overall energy release in the ionization calorimeter for quite rare

14
particles with energy release > 10 eV. In the case of such energy

release amplitude, analysis is performed of the signals coming from

the output circuit which sums the pulses from all the ionization

chambers. The amplitude analyzer intended for this purpose has an

amplitude range of more than 103.

For particles z0 T , recorded in the limits of the solid angle,

individual recording is performed with amplitude analysis of all the

detectors DD, PC, IK (except for PC5, PC6), beginning with energy re-

lease in the ionization calorimeter E m 1013 eV. In the case of co-
0 '\

incidence of the signals z0 T and E0 , a command M is generated which

permits passage and analysis of the pulses in the amplitude analyzers

of all the detectors. On this same command, measurement is performed

in a special analyzer of the overall energy release in the calori-

meter, and the presence of signals from the shower indicators DDI is

noted, i.e., recording is performed of the coincidence pulses MCiC.,

where C., Ci are the signals from the corresponding pair of scintilla-

tors DDI (i, j = 1 - 4).

For individual recording of particles in the lower energy in-

terval (with energy release > 1012 eV), selective recording of the

events is performed by dividing the frequency of their recording in

the ratio 1 : 43. For the events selected in this fashion, a command

MB is generated which permits amplitude measurements in the channels

of all the detectors.

Generation of all the indicated control and recording signals is

accomplished in the IK-15 electronic recorder, containing 21 blocks.

The transformer circuits which supply the amplifiers and high-voltage

transformers of the ionization chamber and proportional counter
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components are concentrated in a special block. Distribution of the

power from the onboard source to all the IK-15 electronic blocks is

accomplished in the other block. Reception and execution of the com-

mands for turning on and off the equipment, and turning on and off

the reference generators, are also accomplished here. The circuits '

for automatic control of filter motion, activated on command from the

Earth, are concentrated in four separate blocks.

A special commutator is supplied for reception and execution of

commands for changing the IK-15 operating regime. Activation of both

detectors DDI and DD2, or operation of only one of them together with

the ionization calorimeter, is possible on commands transmitted from /83

the Earth. Deactivation of the detectors DDI and DD2 and autonomous

operation of the ionization calorimeter to record the particle energy

spectrum in the global flux is also possible.

II. High-Energy Electron Spectrometer (SEZ-12)

In the primary cosmic radiation composition, the high-energy

-2
electron flux is very small, and amounts to % 10-2 of the overall

particle flux. Nevertheless, study of the electron component is of

considerable interest, particularly in connection with the question

of origin of this component. Measurement of high-energy electron

intensity in cosmic space and determination of their energy spectrum

can provide essential information in this regard.

The question of intensity of electrons with energies above 107

eV in near-Earth cosmic space at altitudes of 102 - 103 km has become

of particular interest in recent years in connection with experiments

to study the electron flux undertaken aboard the Proton 1 and 2 AES

[20]. The results obtained in these experiments permitted making

certain assumptions on high-energy electron behavior in near-Earth

space. Therefore, it is important to verify and refine these data

in subsequent experiments.
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The basic difficulty in studying the primary cosmic ray electron

component lies in the smallness of the electron flux and the proce-

dural complexity of identifying the electrons on the background of

the dominating relativistic proton flux.

The SEZ-12 instrument, designed for discrimination and measure- /84

ment of electron intensity and energy spectrum, was installed aboard

the Proton 4 space station. It is an improved version of the instru-

ment used earlier aboard the Proton 1 and 2 AES.

Instrument schematic. The

instrument contains the following

basic elements (Figure 27).

1. Cherenkov counter with

plexiglass radiator 1 (PCC), which

is the upper counter of the tele- I

scope. Amplitude selection of the

pulse from the output of this de-

tector, accomplished wtih the aid

of the differential window AB, 'I e

makes it possible to discriminate

single singly charged relativistic

particles arriving from the upper

hemisphere in the telescope solid

angle. The integral threshold unit Figure 27. Schematic of
SEZ-12 high-energy electron

B monitors detector operation. spectrom
spectrometer:

1 - 12 - photoelectron

2. Scintillation counter 2,
multipliers; I - plastic

which is the lower control (LC) scintillator; II -- lead;

counter of the telescope. All the III - plexiglass

pulses from the output of this

counter, with amplitude exceeding the threshold A and corresponding

to fast charged particle passage through the scintillator, are re-1

corded.
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3. Gas Cherenkov counter 4 (GCC) with additional scintillator 5

ahead of the PM photocathode. The differential amplitude analyzer at

the counter output separates the amplitude interval (AB) associated

with singly charged particle passage through the Cherenkov counter,

and discriminates cases of charged particle passage through the scin-

tillator 5. The integral discriminators A and B are also used to

monitor counter operation.

4. Scintillation counter in cylindrical form 3, which protects

the GCC against the background of charged particles traveling outside

the telescope aperture by anticoincidence selection (ACC).

5. Scintillation counter 6 (ACP) which protects the GCC against

the background of charged particles traveling downward by anticoin-

cidence selection.

6. Particle energy detector 8 (ED), which is a scintillation

variant of the ionization calorimeter. The amplitudes of the pulses

from the ED output are proportional to the electron energies. The

integral thresholds E1 - E5 correspond to the following approximate

electron energy values:

El = 155 MeV; E2 = 525 MeV; E = 2.0 GeV;

E4 = 9.0 GeV; E5 = 76 GeV.

7. Lead alloy filter 9 for absorbing the electron-photon showers

formed by electrons in the energy detector.

8. Scintillation counter 7 - "marker" (0) - which records

particles passing through the filter.

Separation of the electrons from the charged particle flux is

accomplished as follows. Separation of the single singly charged

particles - electrons and protons - from the multiple charged /85

nuclei takes place in the plexiglass Cherenkov counter. Further
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separation of the electrons from the protons takes place in the gas

Cherenkov counter as a result of the-difference in the Cherenkov

radiation onset thresholds (4 6 MeV for electrons, and " 10 GeV for

protons). Protons with energies exceeding the threshold value are

recorded by the "marker" directly or on the basis of the products of

nuclear interaction in the matter of the energy detector and filter,

while electrons of not too high energies form in the energy detector

and filter electron-proton showers which are absorbed in the matter

and do not yield signals in the "marker".

In comparison with preceding SEZ-12 instrument variants, the

following changes and additions were introduced into the construction

of the instrument installed aboard the Proton 4 station.

1. In place of the scintillation counter used previously as

the "upper control" detector of the telescope, we used.a Cherenkov

counter with plexiglass radiator. The radiator had the form of a

disk 155 mm in diameter and 30 mm thick. The geometric factor of the

telescope, just as that of the instrument installed aboard the Proton

2 station, was 2.4 cm 2 . sr. All the radiator surfaces, other than

the upper end, were polished, while the upper end was unpolished and

coated with black paint to improve particle recording directivity.

Installation on the instrument of this Cherenkov counter, together

with the gas Cherenkov counter, leads to considerable reduction of

the probability of the instrument recording upward traveling parti-

cles. In addition, when using the plexiglass Cherenkov counter as

the upper control detector of the telescope, there is reduced back-

ground loading by low-energy radiation, since it records electrons

with energy >j 105 eV and protons with energy 108 eV.

2. A plastic scintillator plate, made in the form of a disk

with diameter 155 mm, equal to the diameter of the PM photocathode,

and thickness 10 mm, was mounted ahead of the gas Cherenkov counter

PM photocathode. With the aid of this scintillator, it is possible

to identify cases of PM triggering from particles traveling outside

the telescope solid angle and causing Cherenkov radiation in the
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plexiglass window of the GCC ahead of the PM and in the front glass

of the PM tube. In passing through the scintillator, these particles

will create at the PM output, signals far exceeding in amplitude the

pulses associated with Cherenkov radiation in the gas. Amplitude

selection of the signals from the GCC with the aid of the differential

"window" AB, whose upper threshold corresponds to scintillation re-

cording, permits excluding these background triggering cases.

3. A plastic scintillator plate (ASP), with dimensions 500 x

500 x 30 mm 3 , was located below the gas Cherenkov counter PM. The

ASP signals are recorded by two PM-16, installed in optical contact

with the scintillator. In order to reduce light losses, the scintil-

lator surface is polished, and the interior of its enclosure is coated /87

with white light-reflecting palint. The two PM installed on the plate

were sufficient for recording particles passing through any point of

the plate. The ASP signals were connected in anticoincidence with

the telescope pulses, which protects the GCC PM from triggerings

caused by background particles traveling outside the instrument solid

angle. A general view of the instrument is shown in Figure 28.

4. Analysis of results of measurements made aboard the Proton 1

and 2 AES showed the advisability of introducing certain changes into

the logic of the instrument electronic circuit operation. For exam-

ple, information on detector loading was necessary, in order to es-

tablish stability of individual detector operation and the operating

regimes of the related electrical devices. In addition, recording of

the count rates of the coincidences and anticoincidences of the de-

tector signals in various combinations was necessary for determining

the role of random coincidences of this sort.

Recorder. Figure 29 shows a block diagram of the electronic

logic circuits associated with the detectors and selection of the

required coincidences (CC is a coincidence circuit) and anticoinci-

dences (CA is an anticoincidence circuit). The arrows indicate para-

meters going to the telemetry system. These parameters have the

following content.
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I. Measurement of individual

detector loading:

PCC (AB) - count of PCC pulses I
in differential window (AB);

PCC (B) - count of PCC pulses

above integral threshold B;

LC - count of LC pulses above

integral threshold A;

GCC (A) - count of GCC pulses

above integral threshold A;

GCC (B) - count of pulses

above integral threshold B;

Figure 28. SEZ-12 instru-
ASP - count of ASP pulses ment:

above integral threshold A; 1 - telescope "upper con-
trol" counter; 2 - anti-
coincidence cylinder; 3 -

O - count of 0 pulses above GCC PM; 4 - telescope
"lower control" counter;

integral threshold A; 6
5 - energy detector; 6 -
lead alloy filter; 7 - one

E instrument electronic block;
1 - count of ED pulses above 8 "marker" counter

integral threshold El;

E2 -count of ED pulses above integral threshold E2.

Hereafter, we use the following notations for coincidences and

anticoincidences:

AB - coincidence of signals A and B;

AB - anticoincidence of signals A and B (B is the inhibiting

pulse).
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PCCL#,) FCC

GCC
ACC

ACP

A C2 AC Cc O i =)

C = PCC (AB) LC; C0; O

C = C? ACP; C"OE = C ACP * O

C30; Ee (e = 4, 5).

The basic parameter characterizing recording of electrons is the /88

parameter C 3 0E i . The remaining events play a secondary role and

serve as a check of instrument operation and the measurement condi-

tions: detector loading, detector stability, influence of ramdom co-

incidences, and so on.

The total number of parameters telemetered is 28. Some monitor

parameters with relatively low count rates were recorded together

on a single telemetry channel.
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Preliminary adjustment of the instrument involves selection of

the electronic circuit (discriminator) component tirggering thresh-

olds and the operating regimes of all the PM. The values of the

threshold magnitudes were determined approximately as a result of

studies on models of the instrument detectors. They were selected so

that the signal at the PM anode, appearing as a result of particle

passage through the detector, triggered the discriminator with an

acceptable voltage on the PM. The individual components and detec-

tors of the instrument were initially adjusted individually, and then

conbimed adjustment of all the components was performed. The com-

ponents and instrument as a whole were subjected to climatic and

vibration tests. During these tests, the operating regimes of the

PM and the discriminator thresholds were varied in the allowable

limits.

The operation of the instrument as a whole was checked on the

basis of cosmic ray p-meson count rate at sea level.

2

The value of the instrument geometric factor F = 2.4 + 0.1 cm

sr was determined from the p-meson count rate and by calculation.

The effectiveness of singly charged particle recording by the tele-

scope was determined from measurement in p-meson flux, and was found

to be e = 0.43 + 0.1.

The overall instrument weight is 185 kg, overall dimensions are

1500 x 880 x 460 mm 3 , power supply required is 9 W.

III. Spectrometer for Particles with Fractional

Electrical Charge (SEZ-13)

In 1964, Gell-Man and Schweig [26] advanced the hypothesis on

existence of three types of fundamental particles ("quarks") which

have unusual properties: their electrical charge is less than that of

electrons. With the aid of these fundamental particles, we can con-

struct the entire spectrum of the presently known strongly interact-

ing "elementary" particles, and indicate their basic properties.
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Attempts have been made in the course of several years to detect

quarks in accelerator experiments. These experiments have yielded

negative results. It is possible that the quark mass is such that

the proton energy which can be obtained on accelerators is not suffi-

cient for generation of a pair of quarks, or that the section for

generation of these particles is very small. The search for quarks /89

in cosmic rays was also initiated. Several experiments were conducted

at sea level and at mountain elevations to detect quarks and evaluate

their possible flux.

The detection of quarks in cosmic rays at sea level and on

mountain tops by electronic equipment may be complicated significantly

by the shower-type accompaniment of high-energy particles. Quarks

can also arise in collisions of high-energy cosmic ray particles with

atoms of the interstellar medium. In this case, during their travel

in the Galaxy, they will cover such great distances that the second-

ary particles which arise simultaneously with the quarks will sepa-

rate to distances which exclude simultaneous entry into the instru-

ment of two or more particles. Also possible is the existence in

cosmic space of relict quarks, which are most likely to be detected

beyond the limits of the atmosphere. This source of quarks may be

more significant than their generation in the atmosphere. For these

reasons, the search for quarks in primary cosmic rays was carried out

for the first time aboard the Proton 3 cosmic station [22, 231.

The wide relative aperture SEZ-13 instrument was developed for

this purpose. The primary cosmic ray particle charge is measured in

the SEZ-13 instrument. Proportional counters, in which the electrical

pulse is proportional to the square of the charge of a relativistic

particle passing through the counter, are used to measure the charge.

The charge measurement is accomplished simultaneously by 12 propor-

tional counters, in order to reduce the probability of imitation of

a particle with charge e/3 and 2e/3 by particles with charge equal

to one (as a result of fluctuations of the ionization losses of

charged particle energy and the gas amplification factor in the pro-

portional counter, and also as a result of difference of the particle

trajectories in the counter).
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A general view of the instrument is shown in Figure 30. The

proportional counters of area 0.45 m 2 each form a "telescope" with

geometric factor F = 3000 cm2 * sr. The total amount of matter for

a particle passing through in the solid angle amounts to 11.5 g/cm 2

The instrument operated aboard the Proton 3 station for 1500

hours. As a result of the analyzed information, an estimate was made

of the upper limit of the possible flux of quarks with charge 1/3 e '

- 9  - 2  - 1  -1 - 8
2.5 - 10 cm 2  sec * sr , and with charge 2/3 e n 2.5 10
-2 -1 -1

cm * sec * sr [27, 28, 29].

An estimate was also made of the upper limit of the effective

cross section for quark generation during interaction with the inter-

stellar gas nuclei of cosmic ray particles with energy > 1011 eV:

a (1/3 e) < 1.4 1-310 cm , if the charge is equal to e/3, and

a (2/3 e) < 1.4 10 - 29 cm 2 , if the charge is equal to 2/3 e [27,

28, 291.

The measurements made aboard the Proton 3 station showed that

for high detector loadings (10 imp/sec), there arises a definite

number of cases when the telemetry indications do not relate to a

single particle. Impulses above the specified threshold are some- /91

times observed in the recording channels; zero pulse amplitude values

are sometimes observed in the proportional counters. An advanced

SEZ-13 instrument was constructed to eliminate these drawbacks, and

was installed aboard the Proton 4 cosmic station.

Figure 30 shows the arrangement of the proportional counters and

electronic units, which are mounted in a special frame. Six dual PC

are used in the instrument. The magnitude of the gas gap in each

half is 5 cm. Each half is divided into seven sections, with inner

electrode in each section made from 0.lHmm-diameter tungsten fila-

ment. The electrodes of each half have common electrical output.
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Figure 30. General view of SEZ-13 instrument installed aboard Proton 4 cosmic station



This installation thus consists of 12 independent proportional count-

ers which are functionally combined pairwise by a common structure.

The two upper and two lower counters are turned 900 relative to the

middle counters, so that the filaments in these counters are posi-

tioned at right angles to the filaments in the middle counters, if

we view the counters from above. Each counter is filled with argon,

with the addition of 10% methane, to a total pressure of 280 mm Hg.

The operating voltage on the counter filaments is 1750 V. Under

these conditions, a singly charged relativistic particle yields a

probable impulse amplitude of about 3000 PV.

The electrical pulses travel from the proportional counters to

amplifiers. A block diagram of the electronic recording system is

shown in Figure 31. Each PC is equipped with an amplifier with gain

1000. The pulses from the amplifier output travel on command through

I Powerl
PC- A

--T---------------------

Figure 31. Block diagram of electrical recording

system of the SEZ-13 instrument:

1 -- summer; 2 - controller; 3 - on-off relay;
4 - voltage transformer; 5 - internal calibra-

tion unit
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Figure 32. Proton 4 station scientific
equipment complex:

1 - instrument for recording electrons
(SEZ-12); 2 - graphite target; 3 -
polyethylene target; 4 - charge detector
(DDl); 5 -- instrument for recording
quarks (SEZ-13); 6 - thin graphite tar-
gets; 7 - charge detector (DD2); 8 -

ionization calorimeter (IK-15)

the linear gates Gl - G12 and are measured with respect to amplitude by

the amplitude analyzers C2 - 1 to C2 - 12. The pulse amplitude in-

formation is directed to the telemetry channels TM1 - TM24.

The control command is generated in the controller by amplitude
discrimination of the pulses arriving from the amplifier 6utput. A
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command is generated if the pulse amplitudes in all 12 counters

correspond to passage of a particle with charge less than one.

In order to calibrate the instrument, the recording command is

also generated with passage of singly charged particles (protons)

with division of the frequency of these events in the ratio 1 : 219

In these cases, the amplitudes of the pulses corresponding to a singly

charged particle are recorded. Triggering of the calibration pulse,

whose amplitude corresponds to particles with charges 1/3 e, 2/3 e,

1 e, takes place with this same average frequency. Additional trans-

mission of a calibration pulse with zero amplitude serves to deter-

mine the electronic amplifier self-noise level.

Non-overloading pulse amplifiers, which make it possible to /92

avoid the false triggerings observed in the preceding version of the

instrument associated with amplifier overloading, were used in the

SEZ-13 instrument installed aboard the Proton 4 station (Figure 32).

The circuits for amplitude discrimination selection of the pulses /93

being recorded in the controller were also improved.

The general technical data on the instrument are: weight 200 kg,

dimensions 1020 x 930 x 920 mm 2 , power required 16 W, number of out-

put telemetry channels 26.
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CALIBRATION OF SEZ- 1 4 INSTRUMENT INSTALLED ABOARD

PROTON 1, 2, 3 COSMIC STATIONS ON ITEF [INSTITUTE

OF THEORETICAL AND EXPERIMENTAL PHYSICS]

SYNCHROTRON

V. V. Akimov, V. S. Borisov, G. V. Veselova,

L. L. Gol'din, L. N. Kondrat'yev, V. Ye. Nes-

terov, I. D. Rapoport, N. G. Ryabova, and

G. K. Tumanov

Introduction

The effective inelastic interaction sections of protons with /5

10 12
hydrogen nuclei in the energy interval from 10 to 10 eV were

measured aboard the Proton 1, 2, 3 AES. The measurements were made

by the "beam knock-out" method, using an SEZ-14 instrument [1]. In-

crease of the section by 20% was recorded with proton energy increase

from 1010 to 1012 eV [2].

In order to determine the possible experimental errors, it is

of interest to conduct measurements of the effective inelastic inter-

action sections of protons with hydrogen nuclei on proton accelera-

tors, using the same instrument and the same technique used aboard

the Proton satellites.
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The first calibration measurements, whose results are pre-

sented below, were made at 5 GeV energy on the ITEF proton synchro-

tron. The authors intend to carry out analogous measurements on the

accelerator at higher energies in the future.

A schematic of the experimental setup is shown in Figure 1. The

study was made in the secondary beam of elastically scattered protons.

The scattered protons emitted at an angle of 130 to the direction of the

internal beam, were focused by two magnetic lenses, analyzed by a SP-12 magnet

Targetl

Figure 1. Schematic of experimental setup:

1, 2 - magnetic lenses; 3 - deflecting magnet;
4 - SEZ-14 instrument; Cl - C6 - scintillators

of the scintillation telescope

(rotation angle 150), traveled first to the telescope, consisting of

scintillation counters with path length 16.6 meters [31, and then to

the SEZ-14 instrument. The combination of signals (C 1 + C2) x

(C3 + C4 + C5 ) x C6 gave the monitor signal M. The scintillation

telescope count (M) served as a check during the measurements. All

the recorded signals were applied to scalers through gate circuits,

which were activated only during that time when the beam was pointed

at the target and the primary beam energy had the required value.
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The measurements were made with constant proton energy

("plateau" cycle). The duration of particle impact on the target

was 150 - 200 msec. The f-meson impurity content in the beam did

not exceed 2%.

The SEZ-14 instrument was mounted on a special positioner,

with the aid of which the instrument could be positioned at any angle

to the proton beam. Measurements were made first of all with the in-

strument "entry window" facing the beam, i.e., the protons first /96

passed through the proportional counters and then through the targets,

interaction detector, calorimeter, and the lower scintillation counter.

Measurement of effective inelastic interaction sections of

5 GeV protons with hydrogen nuclei. For measurement of the effective

sections, we used the same signals ZIN1ECI [1, 2] as used in the meas-

urements aboard the Proton satellites, i.e., we identified protons

which had not experienced interaction during passage through the

graphite target. However, for separating particles which had passed

through the scintillation telescope from the background particles,

Z1N1EC1 were used in coincidence with the scintiallation telescope

signal M, i.e., the signals Z N1EC M were recorded. Z1 means that

the particle electrical charge recorded by the two proportional count-

ers is equal to one; N 1 means that a single particle with unit charge

passes through the interaction detector - the scintillation counter

located after the 26.2 g/cm 2-thick graphite target; EC means that

energy > E 1 was released in the ionization calorimeter and at least

one particle passed through the lower scintillation counter (signal

C), which defined the solid angle. In this case, the threshold E 1

corresponded to the energy release of a single relativistic particle.

The introduction of coincidences with the scintillation telescope

signal M permitted, in addition, exclusion of the influence of random

coincidences under condition of high detector background loadings at /97

the time of particle impact on the target.
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The basic difficulty in calibrating the SEZ-14 instrument

using the accelerator proton beam was the fact that the instrument,

designed for studying cosmic rays, was not intended for operation

under high loading conditions. However, the introduction of any

changes into the instrument was not possible, on the basis of the

very essence of the experiment. Therefore, in making the measure-

ments, careful adjustment of particle impact on the internal target

was made in order that the impact duration be maximal and no marked

changes of particle intensity take place during impact. Moreover,

for continuous monitoring of the count loss magnitudes in each in-

strument detector during the measurement process, the signals Z1 M,

N 1 M, EIM , CM were recorded (the count loss magnitude could be evalu-

ated on the basis of the count rate ratio Z 1M/M, N1 M/M, E 1 M/M, CM/M).

A special experimental data reduction technique was developed

in order to exclude the influence of count losses on the results

obtained.

The maximal count losses in the SEZ-14 instrument occurred in

the proportional counter (signal ZI). Even for good measurement

seances, the ratio Z1 M/M varied from 0.5 to 0.8. In our case, the

effectiveness of formation of the signal Z1 for a singly charged

particle recorded by two proportional counters was 0.8. The number

of recorded Z 1N 1 EC M events was normed by the number of simultaneously

recorded events Z M , in order to exclude the influence of signal Z1

count losses on the effective section measurements in the normal posi-

tion of the instrument. This normalization would be incorrect if

there was reverse current in the proportional counter. By reverse

current, we mean scattering of particles formed as a result of inter-

action in the carbon or iron into the aft hemisphere in the labora-

tory coordinate system. Estimates of the reverse current magnitude

[4] make it possible to consider that such reverse current is absent

for proton energy 5 GeV. Then it was necessary to make certain that
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either in the measurement process count losses of the signals N1, El,

C are absent or, if they do occur, they have no influence on the ef-

fective section measurement results. To this end, we plotted the de-

pendence of the N 1 signal count losses (ratio N 1 M/M) on the Z1 signal

count losses (ratio Z M/M). We see from Figure 2 that for Z M/M >

0.75, there are no signal N1 count losses. Losses of signal E 1

counts do not affect the magnitude of the measured effective section,

since they are independent of the filter position (filter insertion

does not influence the overall calorimeter loading); the scintillation

counter does not experience overloading (Figure 3). Therefore, we

Figure 2. <N1M/M> as a function of <Z1M/M>:

1 -- with filter; 2 -- without filter

, -I •

Figure 3. <ElM/M> and <CM/Ma funcas a function of

<ZlM/M>:
1 -<EM/M> with filter; 2 - <EIM/M> without

3 - <CM/M> without filter
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selected, first of all, those series of readings when Z1 M/M > 0.75.

For the selected series, we calculated the mean values of I =

ZlN1EC M/ZIM separately for measurements without target 10 and with

graphite target IC. The ratio of these quantities was IO/I C = /9

1.298 + 0.014. For a considerable part of the measurements, Z1 M/M <

0.75. In the analysis, it was found that if the measurements are

sorted on the basis of the magnitude of the signal Z1 counting losses

(the entire range of Z M/M variation was broken down into 11 inter-

vals), then the percentage signal N1 counting losses in each of the

selected intervals is the same for measurements without target and

with the graphite target (Figure 4). Therefore, with this data sam-

pling, signal count losses have no effect on the magnitude of the

ratio I0/I C and, consequently, no influence on the magnitude of the

measured effective section. This made it possible to average the

quantities 10 and IC separately for each of the 11 intervals shown

in Figure 4, and calculate their ratio IO/I c .

r I , I I 7 -i

Figure 4. <N M/M>0 <N1M/> asl function of

<Z M/M>

The calculation results are shown in Figure 5. Then all the

I0/I C values obtained were averaged, with account for the weight of

each value. The resulting ratio was I0 / C = 1.308 + 0.011, and the

magnitude of the effective inelastic interaction section of protons

with energy 5 GeV with carbon nuclei was a -C = 204 + 6 mb. This
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* I

Figure 5. Quantity <Z N 1E 1M/ZM>0/<Z N E 1M/ZM> for

various values of Z1M/M

ratio is somewhat low because of the low multiplicity of secondary

particles with energy 5 GeV (ns = 1.6). The primary contribution to

this reduction is made by the case when, as a result of interaction,

only a single charged particle reaches the interaction detector and

the lower scintillation counter. This effect may be estimated roughly

if we use the multiplicity distribution of [5], from which it follows

that for energy 5.7 GeV, only a single fast charged particle (proton

with energy > 500 MeV or -meson with energy > 80 MeV) is formed in

approximately 30% of all interactions, the remaining particles have

less energy. The minimal energy of these fast single particles is

close to the energy which is necessary for the particles to reach the

interaction detector. Therefore, if the angular and energetic dis-

tribution of these single particles generated during interactions /100

were such that they all would create the signal Z N1EC with the same

probability as would protons with energy 5 GeV, then the measured

effective section would be too low by 30%.

However, comparison of the ap-C value obtained with that meas-

ured for energy 21.5 GeV [6] shows that the SEZ-14 instrument, even

for small particle multiplicity which existed in the present experi-

ment with proton energy 5 GeV, measures quite accurately the effec-

tive inelastic interaction section of protons with carbon nuclei in
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the case of particle entry into the instrument from the direction of

its "entry window". The magnitude of the section reduction in this

case amounts to 8 + 6%. This is evidence of effectiveness interac-

tion recording high. The understating of the section by less than

30% may be explained by the fact that not all the fast single parti-

cles formed as a result of interaction create the signal C. Part of

this particles depart through the calorimeter side surface, and part

create in the calorimeter avalanches which reach the lower scintilla-

tion counter with lower probability than avalanches from protons with

energy 5 GeV (it should be noted that the probability of creation of

the signal C by a proton with energy 5 GeV, traveling along the in-

strument axis, is approximately 30%). Moreover, part of the fast

single particles are accompanied by To-mesons, and yield a signal N 2

in the interaction detector.

In order to evaluate the influence of the indicated effects on

the magnitude of the obtained section understatement, we found the

magnitude of the effective section from the signal N M. To this end,

we measured the ratio INIM , whose magnitude was equal to

1.243 + 0.004, which corresponds to the section op- C = 166 + 3 mbarn.

We see that reduction of the limitations on the departure angle

and energy of the individual secondary particles leads to increase

of the unmeasured part of the section, but even in this case the sec-

tion understatement is less than 30%, which does not contradict the

arguments presented above on reasons for measured section under-

statement.

Instrument angular sensitivity diagram. During calibration of

the SEZ-14 instrument, the angular sensitivity diagram of the instru-

ment was measured (Figure 6). To this end, the instrument was set

with aid of a positioning device at various angles to a proton beam.

We see from Figure 6 that, for proton energy 5 GeV, the instrument

actual aperture coincides with the geometric aperture (500). Thus,

the "overcount" due to widening of the instrument aperture because

132



of particle scattering in the instrument

can be neglected for energy 5 GeV. We

also see from Figure 6 that, in the case -

of particle entry into the instrument 9

from behind, i.e., from the direction of 1

the lower scintillation counter (in this
-iT# J# ,9~9 /.Yop:deg

case, the instrument was turned 1800 to

the beam), recording of events Z N1EC M Figure 6. SEZ-14 in-
1 strument angular sen-

sitivity diagram when
takes place. In this case, the counting recording events
rate of such events amounts to about 25% Z N ECM with proton

of the counting rate for the normal in- energy 5 GeV

strument position, when the particles /101

enter the instrument from the direction of the "entry window". These

events are apparently the result of cases when the proton passes

through the entire instrument without interaction therein, or when

only a single particle from the avalanche formed in the calorimeter

passes through the interaction detector and proportional counter.

Measurements by instrument turned 180' relative to the proton

beam. As was noted previously, as a consequence of satellite rota-

tion, particles may enter the instrument from behind (from the direc-

tion of the scintillation 1counter), and recording of the events

Z1 N 1E may introduce some contribution to the measured effective

section, depending on the change of the counting rate of this signal

with the carbon filter in place (in this case, the proportional

counter acts as interaction detector), and also on the relationship

of the counting rate of this signal with particle passage through the

instrument from the front and from the back. Therefore, when cali-

brating the instrument, it was necessary to determine the ratio of

the Z1N 1EC M signal counting rate, without the filter, to the count-

ing rate with the filter, and the quantity ap-C corresponding to this

ratio for the case of particle passage from the direction of the

scintillation counter.
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In the case of measurements with the instrument turned 180 to

the beam, the maximal counting losses arose in the C signal formation

channel; therefore, normalization was made to the number of CM pulses

recorded. In order to determine the magnitude of the section with

this instrument position, we used the average values of I =

Z N 1E M/CM , which were measured with and without the graphite fil-

ter in place. The value of the ratio IO /C was equal to 1.245 + 0.016,

which corresponds to an effective section ap-C = (167 + 10) mbarn.

Analysis of measurement results with particle into the instru-

ment from the direction of the lower scintillation counter. In order

to extrapolate the section measurement results for 5 GeV into the

higher energy region, it is necessary to understand what causes the

formation of the signals Z N 1E M with the instrument turned 1800 to

the beam. In the latter case, the intensity of the events Z N1EC M

for the seances without counting losses constitutes 5% of the inten-

sity of the protons incident on the instrument, and is still less in /102

the presence of counting losses.

According to calculations, 4.5% of the protons incident on the

instrument pass through the entire instrument without interaction.

If we consider that the probability of formation of the signal

Z N1E C M, in the case of single singly charged relativistic particle

passage through all the detectors is equal to % 1/2, then half the

particles forming the signal Z1 N1 EC 
M will interact with the carbon

nuclei like protons with energy 5 GeV incident on the instrument at

o00. In order to clarify the question of whether the electrons leav-

ing the calorimeter yield a contribution to the formation of the sig-

nal Z N 1 E 
M , we fabricated a lead filter whose thickness for nuclear

interactions was equal to the thickness of the graphite filter, and

we measured the amplitude distribution of the impulses in the.propor-

tional counters with this filter; in this case, control was provided
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by the signal N M. Within the limits of statistical accuracy (- 10%),

the obtained amplitude distribution agreed with the corresponding

spectrum with the carbon filter. Thus, the second component forming

the signal Z N E .M consists of nuclear-active particles, generated
1

during interaction.

In the case of measurement with the instrument turned 1800 to

the beam, the number of events in which at least one particle is re-

corded by the interaction detector amounts to 40% of the number of

protons striking the instrument. Of such events, approximately half

represent single singly charged particles (signal N1M), and in half

of the cases, the signal N2M is generated - number of singly charged

particles ? 2. Measurements were made in this same instrument posi-

tion of the counting rate ratio without the filter and with the car-

bon filter for the signals Z*N1ECIM , where Z* is a differential win-

dow in the proportional counter narrower than Z1 (the lower thresh-

olds of the windows Z* and ZI coincided [n 15 MV], while the upper

threshold of the window Z* [100 mV] was lower by a factor of two

than for the window Z1 [200 mV]).

For measurement of this ratio, based on the signal ZN1EC M ,

normalization (as in the Z1 N1E cM case) by the number of recorded CM

impulses was made. The ratio I*/I* was equal to 1.318 + 0.018, which
0 C

corresponds to a section ap-C = 210 + 10 mbarn.

The difference in the sections obtained for the signals Z1 N1 ECIM

and ZNIE cIM can be explained both by wide-window recording of two

and three particles, formed as a result of interaction, and by the

creation by a single particle after interaction (in those cases when,

as a result of interaction, only a single particle which can reach
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the proportional counters is formed) of an impulse whose magnitude

exceeds the upper threshold of the narrow window as a consequence of

the large ionizing capability of this particle.

Conclusions

As a result of analysis of the data obtained, we can draw the /103

following conclusions.

1. In the case of proton incidence from the "entry window"

direction, the SEZ-14 instrument, even for the low generated particle

multiplicity existing in the present experiment (ns = 1.6 for E = 5

GeV), measures quite accurately the effective inelastic interaction

section of protons with carbon nuclei. The magnitude of the section

understatement in this case amounts to 8 + 6%.

2.] In the case of proton incidence on the SEZ-14 instrument

from the opposite direction, the measured effective section for pro-

ton energy 5 GeV is 18% low in comparison with the value measured

with normal instrument position relative to the proton beam. On the

basis of the measurements made for energy 5 GeV, we can conclude that,

if the measurements were made aboard the Proton AES with this energy,

the influence of particles entering the instrument from the opposite

direction because of satellite rotation would lead to reduction of

the measured effective section by about 4% in comparison with the

value measured with particle entry into the instrument from the direc-

tion of its "entry window".

Thus, the low section value obtained during calibration is

caused basically by low multiplicity of the particles generated dur-

ing interactions. This makes it possible to consider that for proton

energy 15 GeV, corresponding to the first recording threshold in thel

case of measurements aboard satellites, the section underestimation

will be less than for 5 GeV because of increase of the average gener-

ated particle multiplicity.
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STUDY OF HIGH-ENERGY ELECTRONS IN NEAR-EARTH COSMIC

SPACE ABOARD PROTON 1 AND 2 AES

N. L. Grigorov, L. F. Kalinkin, E. I. Kogan-Laskina,

and I. A. Savenko

The study of high-energy electrons in cosmic rays is of great /104

scientific interest, since it aids in obtaining answers to several

important questions of astrophysics and cosmic ray physics. Speci-

fically, there is a connection between the characteristics of the

cosmic ray electron component and factors such as the structure of

the galactic magnetic field, cosmic ray propagation in this field,

radiation modulation in the solar system, nature of processes in

cosmic ray sources, and so on. In recent years, particular attention

has been devoted to measurements of electron fluxes with energies

above 10 eV in near-Earth cosmic space at altitudes of 101 - 103 km.

The results from study of high-energy electrons at the indicated al-

titudes may clarify certain peculiarities of the behavior of these

particles in the Earth's magnetic field.

Equipment for measuring the fluxes and energy spectrum of elec-

trons with energies > 20 MeV in the cosmic radiation was installed

aboard the Proton 1 and 2 scientific cosmic stations.

A schematic of the instrument is shown in Figure 1. The instru-

ment is a telescope formed by scintillation (1, 2) and gas Cherenkov
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(3) counters. Separation of the elec-

trons from the protons was accomplished

by the recording threshold of the gas

Cherenkov counter (% 6 MeV) for electrons

and '" 10 GeV for protons) and was sup-

plemented by absorption of the electron '7
photon showers caused by electrons with "

energies < 10 GeV, in a lead layer of

total thickness ' 30 radiation units

(4, 5). Electrons with energies < 10 GeV

were recorded by all the telescope count-

ers telescope and did not cause triggering

of the counter 6, located after the filter

5. Protons with energies up to = 10 GeV

were not detected by the gas Cherenkov
Figure i. Schematic of

counters, while those with energies above instrument for measur-

10 GeV were recorded by the counter 6 ing high-energy elec-
trons aboard Proton 1

(directly or on the basis of the products and 2 space stations:

of their interaction with the matter). 1, 2 - telescope scin-

The gas Cherenkov counter also determined tillation counters;
3 - gas Cherenkov count-

the direction of motion of the recorded er; 4 - scintillation

particles (from the first counter to the shower counter; 5 -
lead alloy filter; 6 /105

second). In order to protect against scintillation counter

showers which could be generated by recording radiation
passing through the fil-

high-energy protons in the matter of the ter; 7 - scintillation

instrument itself and its surroundings, anticoincidence counter;
8 - gas Cherenkov

the gas Cherenkov counter was placed in counter mirror; 9 -

the hollow plastic scintillator cylinder PM-49; 10 - PM-16;
11 - PM-52; I - lead;

7. The impulses from this detector were II - plastic scintil-

connected in anticoincidence with the sig- lator

nals from the telescope. The minimal recordable electron energy was

determined by the ionization losses in the matter along the path

from counter 1 to counter 2 and amounted to about 20-30 MeV. In the

region Ee 2 500 MeV amplitude analysis of the impulses from the scintil-

lation shower calorimeter 4 (discriminators with integral thresholds)

was used to measure the energies.
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In principle, the arrangement of the instrument installed

aboard the Proton 2 AES was analogous to that used previously aboard

Proton 1. The only difference was that the relative aperture of the

instrument aboard Proton 2 was halved, by reducing the area of the

telescope counter 2 (the geometric factor of the instrument aboard

Proton 1 was F = 5 cm 2  sr, that aboard Proton 2 was F = 2.5 cm

sr). In this case, edge effects during particle passage through the

shower calorimeter were eliminated, and particle energy determination

became more reliable. Moreover, experience obtained during the ex-

periment aboard Proton 1 was taken into consideration for proper

selection of the preliminary scaling coefficients, and more rational

choice of the parameters to be telemetered. For the data from Proton

2, we also had information on satellite geographic coordinates and

orientation of the instrument axes in space. Comparison of the in-

strument indications aboard the two satellites showed that, with ac-

count for their relative aperture difference, the measurement results

are quite similar. Therefore, in the sequel, we analyze in detail

the information obtained in the experiment aboard Proton 2. Some /106

preliminary results and their interpretation have been published

previously [1].

Figure 2 shows the latitude dependences of the relative counting

rates of electrons and protons (shower calorimeter discriminator

threshold corresponds to electron energy n 500 MeV). These results

were obtained by averaging data for about 20 satellite orbits around

the Earth (we took as the time origin for each orbit, the moment the

orbit crosses the geographic equator with satellite motion from-North

to South). The differences of these dependences, which exceeds

the error limits at high latitudes, indicates difference in the nature

of these radiations. Figure 3 shows the global electron flux inte-

gral energy spectra in the near-equatorial and high geographic lati-

tude Imax = 630 regions. We see that the intensity dependence on

energy is somewhat different in the different spectral regions: for

the near-equator latitudes y - 1 ' 0.6 for E e = 50 MeV, and y - 1 "' /107

1 for Ee % 5 GeV (y is the characteristic exponent of the differential

140140



In III)

C iTime

of relative counting rates of .MV

electrons with energies E >

e =

500 MeV (1), and protons re- Figure 3 Integral energy
corded at the same shower cal-e s t/ of eelectronsspectrum of electrons in equa-

orimeter threshold (2); curves of electrons in equa-
torial region (1), and at highare normalized to the equator latitudes (2), measured aboard

region: Proton 2 AES (global flux)

1 - southern hemisphere; 2 -
northern hemisphere

spectrum). This spectrum is far +{

more "rigid" than that of the pri- -_ 
!  , ,

mary cosmic rays (y - 1 ' 1.7). Zenith angle, deg_ • • Zenith angle, degl,
In the geomagnetic equator region,

Figure 4. Distribution of
the electron flux with energy electrons with energies E >

above 300 MeV was about 300 (m2  500 MeV as function of angle
formed by the instrument axis

sec * sr)-1. Figure 4 shows the with the vertical for orbital
segments with threshold mag-distribution of electrons of such netic rigidity R > 110 GeV/c

as a function of zenith angles for (Proton 2)

the satellite orbit segments with

threshold magnetic rigidity R > 10 GeV/c. Marked anisotropy of the

radiation is not observed.

Most obvious among the results presented is the high recorded

eectron intensity. For comparison, we can note that the total pri-

mary cosmic ray intensity observed in the geomagnetic equator region

amounts to 80 - 120 (m2 . sec • sr)-I [2, 3]. It is true that we

should note that, in the charged particle flux measurements in near-

Earth space, it was found that the measured intensities exceeded by

several times the values determined by the primary cosmic radiation.
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Such results were obtained with equipment using various recording

methods and carried aloft on balloons [4, 5], rockets [6], and satel-

lites [7 - 10] (the sources cited are not exhaustive and are, basi-

cally, only illustrative).

The existence of this so-called excess radiation has now been

reliably established. However, the nature and mechanism of its forma-

tion are still not very clear (naturally, in the balloon experiments

the formation of secondary particles in the residual atmosphere was

taken into account, and in the experiments performed aboard satellites,

the region of space where the direct influence of the Earth's radia-

tion bands might have an influence, were excluded from consideration).

The literature data presently available contain many indications

that there is a significant relativistic electron fraction in the ex-

cess radiation composition.

It was found in [4], where Geiger counters were used as detectors,

that the excess radiation flux amounts to about 500 (m2*sec-sr)- 1 at

the equator and about 1000 (m2 sec-se) - 1 in the Murmansk region. Ap-

proximately the same relationship is observed for the energy fluxes in

the primary cosmic radiation at these latitudes. On this basis the

authors of [4] suggest that the excess radiation consists basically of

secondary electrons which are formed from the primary cosmic rays in

electromagnetic cascades in the atmosphere. The connection between

primary cosmic rays and excess radiation was examined in more detail in

[8]. Studying the geographic distribution of the counting rate of a

gas discharge counter located aboard the Kosmos 4 and Kosmos 5 satel-

lites, the authors of [8] established a close correlation between mea-

sured radiation intensity and primary cosmic radiation. The longitudinal

variation of the counting rate in the equatorial region, the connec- /108

tion with the magnetic rigidity, and the latitudinal variation pat-

tern can all be explained in a natural fashion under the assumption of

a genetic connection between the excess radiation and the primary

cosmic rays at the point of observation. True, it could be noted that

the detectors used in [4, 8] did not permit differentiation of the

sort of recorded particles and, therefore, the conclusions apply to

the excess radiation as a whole.
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Identification of the nature of the particles comprising the ex-

cess radiation at heights of 1 300 km was made in [7]. Charged par-

ticle tracks in emulsions exposed during the flight of the second

Soviet spacecraft were analyzed. It was found that the recorded

radiation intensity exceeds the primary cosmic radiation intensity by

a factor of three (in an interval covering one satellite orbit around

the Earth). On the basis of specific ionization g/gmin' the excess

particles can be subdivided into two groups: relativistic (g/gmin <

1.4), and "gray" (g/gmin > 1.4). The relativistic particles were not

nuclear-active, and this made it possible to assume that they are

electrons. Their fraction in the excess radiation is quite large

- about half.

It is interesting to note that the data obtained in the experi-

ment aboard Proton 2 are comparable with the results of [51, both in

the particle flux values and in the intensity dependence on energy,

although the conditions of these experiments differed markedly. In

the latter study, performed aboard balloons with the aid of a tele-

scope consisting of scintillation and Cherenkov counters interlayered

with lead absorbers, the energy spectra of the "direct" and "return"

albedo electrons in the energy range 10 - 103 MeV were measured.

(The "direct" albedo radiation arises in the matter of the atmosphere

under the action of primary cosmic rays, and is directed upward from

the Earth; the "return" albedo is the part of the "direct" radiation

which returns to the atmosphere under the influence of the Earth's

magnetic field.) Specifically, it was found that, at the geomagnetic

latitude corresponding to the threshold rigidity 4.9 GeV/c, the elec-

tron fluxes with energies above 300 MeV are quite large, and consti-

Idi r > 110 and Iret 50 (m2 see sr) - 1 for the "direct" and

"return" albedo. The spectra were quite "rigid", the characteristic

exponents of the differential spectra, approximated by a power-law
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dependence of the intensity on energy, were ydir = 1.29 + 0,06 and

Yret = 1.44 + 0.09, respectively. Thus, the measurements made in [5]

indicate a natural source of intense electron fluxes with energy of

hundreds of MeV, which were discovered in the measurements aboard

the Proton AES [1].

At the same time, it was noted in [1] that the high electron

flux intensity may be associated with the mechanism of electron cap-

ture and relatively long retention by the Earth's magnetic field.

The results of [11, 12] can be considered confirmation of this /109

concept. Fluxes of electrons with energies 100 - 1500 MeV were meas-

ured at altitudes corresponding to , 10 g/cm 2 residual atmosphere,

using equipment including a telescope formed by scintillation and

Cherenkov counters and a shower spark chamber as the basic element

to discriminate electrons from the other particles. The measurements

were made at a geomagnetic latitude where the cutoff geomagnetic for-

mation momentum amounted to 3.5 GeV/c. The results deserving most

attention are that at quite high altitudes large electron fluxes were

recorded, and significant temporal variations of these fluxes were

detected. The data obtained during equipment ascent aboard balloons

grouped as follows (Figure 5, [11]). Two flights (July 6, 1967 and

July 9, 1968) provided altitude-intensity relations agreeing with one

another and with the calculated secondary electron intensity values:

increase during ascent, maximum at an altitude corresponding to at-

mospheric depth 1 120 g/cm , and flux decrease by an order of magni-

tude at the maximal height. The latitudinal variation of intensity

in the initial stage of the other two flights (June 14, 1967 and

October 27, 1967) was also the same and up to heights of about 100

g/cm 2-, agreed with the results of the first two flights. However,

at higher altitudes a significant (by a factor of 2 - 3) intensity

increase, in comparison with the measurements and calculated electron

flux values mentioned above, was observed. The absolute magnitude of

the additional flux was n 600 (m2 sec sr) - . The spectrum of this

radiation, as in the previously mentioned cases, is also quite "rigid":
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y = 1.6 + 0.4. It is important to note that the appearance of the

additional electron flux was not associated with change of the pri-

mary cosmic ray intensity measured by neutron monitors. The attempt

by the authors of [11, 12] to associate the change of the electron

flux magnitudes with the state of the Earth's magnetosphere was a

natural one. In spite of the fact that the electron energies are

quite high, the influence of magnetosphere state change on their /110

fluxes had already been observed experimentally in [13], where change

of the intensities of electrons with energies 10 - 225 MeV by a fac-

tor of 2 - 3 was noted during nighttime and daytime measurements. In

the case under discussion here, such an explanation was excluded,

since all the flights were made at the same time of day. However, a

correlation was found between the additional electron flux appearance

and change of the geomagnetic field state, characterized by the

three-hour K-index.

Taken together, the experi-

mental data just discussed make D

it possible to note the following. o '

Both in the stratosphere (at alti- / o
C

tudes of 25 - 40 km), and at a S - "

higher altitudes (200 - 600 km),

significant fluxes of electrons -Height, g/cm2

7 Figure 5. Intensities of
of quite high energies (E > 107 Figure 5. Intensities of

e % uelectron fluxes with energies
100 - 1500 MeV at various

eV) are observed. The large
heights in the atmosphere [11]:

"direct" albedo electron fluxes
1 - Apr. 14, 1967, 2 - July

in the atmosphere, caused by 9, 1968; 3 - July 6, 1967;
4 - Oct. 8, 1958; 5 - Oct.

primary cosmic ray interaction, 19
27, 1967; I - calculated alti-

with atmospheric matter, lead to tudinal variation of secondary

injection of these particles into electron flux generated in the
atmosphere by proton-nuclear

near-Earth space. The signifi- component of primary cosmic
cant variations in time of the rays; II - sum of (I) and

"return" albedo electron flux
secondary electron fluxes in the

stratosphere, which are not
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associated with variations of the primary cosmic ray intensity, can

be considered an indication of the existence in near-Earth space of

a "reservoir" in which electrons of quite high energies accumulate,

i.e., an indication of comparatively long-term retention of these

particles by the Earth's magnetic field. During distrubance of the

magnetosphere state, these particles "spill out" into the atmosphere.

However, it should be noted that at present there is no adequate

explanation for the details of the mechanism of high-energy albedo

electron trapping by the Earth's magnetic field, the duration of their

retention in this field, and the direct causes of the "spilling".

It may be assumed that long-term observations at heights of

u 102 - 10 km, with simultaneous measurements aboard balloons in the

stratosphere, will make it possible to clarify the basic mechanisms

of intense high-energy electron flux formation in near-Earth cosmic

space and "injection" of this flux into the Earth's atmosphere.

The authors wish to thank Yu. S. Klintsov and 0. B. Ben'kovskiy

for their assistance in preparing the equipment for measuring high-

energy electrons aboard the Proton scientific cosmic stations.
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STUDY OF HIGH-ENERGY ELECTRONS IN THE STRATOSPHERE

V. A. Bezus, A. M. Gal'per, N. L. Grigorov,

V. V. Dmitrenko, L. F. Kalinkin, V. G.

Kirillov-Ugryumov, B. I. Luchkov, A. S.

Melioranskiy, I. A. Savenko, and

E. M. Shermanzon

A flux of electrons with energy E e > 300 MeV, exceeding by about /112

ten times the primary electron flux [2, 31, was recorded in a study

by Grigorov et al. [1], made aboard the Proton 1 and 2 AES. Another

peculiarity of the recorded flux was that it was noted not only at

high latitudes, but also near the equator, varying in intensity by

less than a factor of two (4 • 10 - 2 and 2.2 10-12 [cm 2 . sec sr]- 1 )

These measurements shows that within the limits of the Earth's mag-

netosphere there exist not only electrons of low and moderate ener-

gies (> 1 MeV), which form the radiation bands (see, for example,

[4]), but also high-energy electrons (Ee > 100 MeV).

During 1967 and 1968, we made measurements using equipment in-

stalled aboard high-altitude balloons to study the high-energy elec-

tron fluxes in the upper layers of the atmosphere. We measured the

direct (toward the Earth) and albedo (from the Earth) electron fluxes

in the energy interval 100 - 1500 MeV. The measurements were made

at 460 geomagnetic latitude, where the cutoff momenta are about 3.5
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GeV/c, and primary cosmic ratiation electrons in the measured energy

interval cannot penetrate. Individual measurement results were pub-

lished earlier in several papers [5 - 11].

Instrument Configuration and Operation

A block diagram of the recording instrument is shown in Figure 1.

The instrument consists of the following components: Ch is a direc-

tional Cherenkov threshold detector with plexiglass radiator. Direc-

tivity of the counter is achieved by blackening the upper surface of

the radiator and establishing the corresponding electronic circuit

threshold, C1 , C2, C3 are

polystyrene scintillation

counters, SC is a multilayer BC

spark chamber with lead

plates acting as electrodes

with overall thickness equal PT

to 3.7 radiation lengths,

A is a lead absorber, three

radiation lengths thick, PR -L S

is a photorecorder which

photographs the spark cham- Figure 1. Block diagram of record- /113
ber in two orthogonal pro- ing instrument:

jections through a mirror Ch - Cherenkov counter; Cl, C2 , C3
system. - scintillation counters; SC -

spark chamber; A - lead absorber;
PR - photorecorder; CC - coinci-

The instrument operates dence circuit; CA - anticoincidence
as follows. The electron circuit; OU - output unit; PVG-S,

PVG-L - "small" and "large" pulse
being recorded triggers the voltage generators; BC - blocking

counters Ch and C1, and circuit; PT - photorecorder trigger
circuit

creates an electron shower

in the spark chamber. The shower particles are recorded by the

counter C2 and absorbed in the block A, without reaching the counter

C3 . Events of the type CHC1C2C 3 are identified by an electronic

circuit consisting of the triple coincidence circuit CC and the
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anticoincidence circuit CA (a bar above a symbol means that the

given counter is connected in anticoincidence). This identification

technique excludes recording of protons and other penetrating par-

ticles whose ionization range for the threshold velocity in the

Cherenkov counter 8th r = 0.67 exceeds the total amount of matter in

the instrument. However, in addition to electrons, events of the

type ChCIC2C 3 will cause nuclear cosmic particle interactions in SC

and A, in which no charged product will reach C3, and muons in the

energy interval 55 - 80 MeV are stopped in block A. Final selection

of the electronic cases among the recorded events is made on the

basis of spark chamber photographs.

Further operation of the instrument involves recording the

events identified by the CC and CA circuits. An impulse from the CA

circuit triggers the output unit OU, triggering circuit of the photo-

recorder PR, and blocking circuit BC. The impulse from the OU trig-

gers the small and large pulse voltage generators PVG-S and PVG-L,

which generate the high-voltage pulse for the spark chamber. The

chamber consists of five gaps separated by plates containing 0.7

radiation lengths of lead each. The upper 3-cm-high gap determines /114

the direction of the entering electron. The remaining gaps, each

1.5 cm high, record the electron shower. The chamber is filled with

neon at 1 atm pressure. The upper and lower spark chamber electrodes

are connected to ground, and a high-voltage pulse of amplitude 25 kV

and duration 0.5 psec with leading front duration 30 nsec, is applied

to the midpoint of the chamber. The pulse delay is no more than

0.5 psec.

All the electronic circuits, voltage transformers, and pulse

voltage generators are made using nonfilament components. In the

study, we used two instruments of the same type (A-2 and A-3), which

were geometrically similar to one another and had effective area

S 2 = S = 110 cm 2 , solid viewing angle 2 = 03 = 110 cm 2 , and geo-

2
metric factor 13.5 cm sr. The instrument energy requirement was

about 12 W. Each instrument weighed about 45 kg. A detailed descrip-

tion of the equipment is given in [12].
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Instrument Calibration

The characteristics of each instrument were measured during

operation with cosmic muons, monochromatic electrons in the energy

interval 100 - 1500 MeV (synchrotron of the Lebedev Physics Insti-

tute of the Academy of Sciences of the USSR [FIAN], linear accelera-

tor of the Physicotechnical Institute of the Academy of Sciences of

the UkSSR [PTI], and using protons with momentum 2 GeV/c (Joint

Institute of Nuclear Studies).

1._ Calibration ofCH, C1 ,C 2 , C 3 Counter Telescope

Figure 2 shows the electron recording effectiveness (ne) in the

instrument A-3 as a function of electron energy. The electron re-

cording effectiveness was measured directly in electron beams. The

effectiveness fle initlially increases sharply from zero to E n 100 MeV

to a maximal value of about 0.3.for E r 400 Mev, and then decreases

gradually to zero. The decrease of ne with increase of the energy

takes place because of the increased probability of an electron ava-

lanche passing through block A and reaching the "anticoincidence"

counter C3 . We see from the curve shown in Figure 2 that the instru-

ment records effectively electrons in the 100 - 1500 MeV interval.

Electron recording effectiveness as a function of the angle of

of entry into the instrument is shown in Figure 3. This Figure

shows one of the angular characteristics obtained for the A-3 instru-

ment, recorded for electrons with energy 435 MeV passing through the

center of the Ch counter radiator at the angle c to the instrument

axis in one projection, and with fixed angle l = 0 in the other

orthogo.nal projection. The effectiveness changes very weakly in the

angle interval + 100, and decreases sharply with increase of p. The

effectiveness of reverse flux (p = 1800) recording is less than /115
-4.

2 - 10
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Electron energy E , MeV Angle of electron

incidence on instru-

Figure 2. Effectiveness of in- ment, deg
strument recording of electrons Figure 3. Effectiveness of

as function of energy: electron recording versus

1 - FIAN synchrotron; 2 - PTI incidence angle
linear accelerator

The geometric factor of the A-3 instrument, calculated from

calibration measurements for electrons with energy 435 MeV, is r =

(14.5 + 1.0) cm * sr.

2. Spark Chamber Calibration

When recording electrons and muons, it was shown that in the

large spark chamber gap the sparks follow along the particle tracks

up to a maximum angle, determined by the instrument aperture and

equal to % 200. The accuracy of particle angle measurement in the

upper gap is n 20.

Comparison of the shower curves obtained during calibration for

electrons with energy 100 - 1500 MeV with the calculated curves or

the shower curves obtained by other experimental methods showed that

the spark chamber has effectiveness close to 100% [12] for recording

of many particles.

The total number n of sparks in all five gaps serves as the

characteristic of the electron shower in the spark chamber. Figure

4 shows the dependence of the average number n of sparks and the

standard deviation an of the number of sparks as a function of
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..0

- /0

Electron energy Ee

MeV Figure 5. Average number n

of sparks in showers versus

electron energyE

Figure 4. Average number n
differential energy spectrum

of sparks in spark chamber
and mean square deviation et

of number of sparks versus

electron energy: electron energy. We see that n
1 -- FIAN spectrometer; 2 -1 -FIAN spectrometer; 2 increases linearly with energy in-

PTI linear accelerator
crease in the 100 - 1000 MeV inter-

val; for higher energies we observe

some deviation from the linear relationship, which is most likely ex-

plained by the spark overlap in showers with a large number of parti-

cles. The relative error of individual electron energy measurement,

based on number of sparks in the shower, is equal to approximately

70% for E = 200 MeV, and 50% for E = 1000 MeV. This large error

arises because of fluctuations during initial development of the /116

shower. However, the multilayer spark chamber can be used as a

spectrometer for measuring electron group energy spectrum shape. As

a result of calculation made on the basis of the calibration data

shown in Figures 2 and 4, for an electron differential energy spec-

trum of power-law form N (E) = CE - , we obtained the dependence of

of the average number n of sparks in the showers on the value of the

exponent a, shown in Figure 5 [13]. The statistical error in meas-

urement of the spectrum exponent for a group of 100 showers is 10%.
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3. Imitation of Electron Events by Nuclear-

Active Particles

During A-3 instrument operation in a proton beam with momentum

2 GeV/c, we determined the probability of electron event imitation by

nuclear-active particles. The separated proton beam contained % 95%

protons and % 5% - mesons. It was shown that with probability (3.0 +

-2
0.8) 10 - 2 , nuclear-active particle incident on the instrument causes

triggering of the CHCIC2C 3 counter telescope. Examination of the

events recorded in the spark chamber showed that (0.180±0.022) of

them are accompanied in the spark chamber by a shower pattern which

does not differ in form from the showers generated by electrons. In

the remaining cases, individual tracks or characteristic nuclear /117

interactions of the "star" for "fork" type and sudden track termina-

nations were recorded. Thus, the probability of electron event imita-

tion by nuclear-active particle with momentum 2 GeV/c is (5.5±+1.6)10- 3 .

Since with increase of the incident particle energy the probability

increases that one of the nuclear interaction products will enter the

"anticoincidence" counter C 3, the imitation probability will be lower

for high energies.

Measurement Conditions

The measurements were made using controllable high-latitude

balloons at 460 North geomagnetic latitude. In all, six direct elec-

tron flux measurements and two albedo electron measurements were made.

Information on the flights made is shown in Table 1.

Each instrument was installed in a sealed, thermally insulated

container in which there was also located a console with auxiliary

instruments: clock, thermometer, vacuum gauge, compass, and plumb

line, which were photographed simultaneously with the spark chamber.

The instruments were activated on the ground before launching the

balloon, and operated both during ascent, which usually lasted 1.5 -

2 hours, and during drift at maximal height. In all the measurements,
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TABLE 1

Launch time Residual Measurements made and
light(world time) atmosphere, No. of instrument used

g/cm 2

June 14, 1967 2 h, 22 m 25.0 Electrons (A-3)

July 6 2 h, 53 m 19.0 Electrons (A-3)

Oct. 27 3 h, 28 m 20.0 Electrons (A-3)

Oct. 31 1 h, 47 m 16.0 Albedo electrons (A-3)

July 9, 1968 3 h, 16 m 8.7 Albedo electrons (A-2)

Oct. 8 2 h, 54 m 7.7 Electrons (A-3)

Oct. 19 4 h, 11 m 8.9 Electrons (A-3)

the temperature and pressure inside the container remained in the

limits of 10 - 150 C, and about 1 atm. The altitude in the atmos-

phere at any moment of time could be determined from the barogram

recorded during each flight.

In the albedo flux measurement case, the container with the in-

strument was rotated 1800.

Measurement Results

From the data obtained in flight, we determined the electron /118

intensity and energy spectrum at various altitudes.

The electron intensity was calculated from the formula

1 N9!e = ( .
(T - -N) rr1

where Ne is the number of particles recorded during the time T = 10

min, T is the instrument blocking time, N is the total number of in-

strument triggerings during the time T, r is the instrument geo-

metric factor, n is the recording effectiveness. Since the geo-

metric factor and effectiveness are functions of energy, the value

Tn averaged over the recorded particle spectrum is substituted into

the formula.
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Figures 6 and 7 show .-

the measured direct and 0 /

albedo electron flux in- "o

tensities. The altitude f
dependence of the secondary U/ - a I

atmospheric electrons was U

calculated in [14]. Al-

though the calculation was

made for energies greater

than 1 GeV, the comparison

made in [14] between the 0

calculated curve and the

experimental data of [2],

in which electrons with 1 1 , . ,

lower energies were meas- 2
Atmospheric depth, g/cm

ured, showed that the cal-
Figure 6. Altitude dependence of the

culated relative altitude direct (toward Earth) electron flux

dependence remains the with energy 100 - 1500 MeV:

same in the energy inter- 1 - May 14, 1967; 2 - July 6, 1967;
3 -- Oct. 27, 1967; 4 - July 9, 1968;

val 100 - 1000 MeV. 5 - Oct. 8, 1968; 6 - Nov. 19, 1968

We should note some - _

peculiarities in the alti-I

tude dependences of the recorded C

fluxes. o
0

a) Altitude dependence of ) CM 7/

the direct (toward-the-Earth) oZ

electron flux with energy 100 - . /1II

1500 MeV. The results of all six Atmospheric depth, g/cm 2

measurements agree well with one

another and with the theoretical Figure 7. Altitude dependence
of albedo electron flux with

dependence at large depths (h >energy 100 - 1500 MeV
energy 100 - 1500 MeV:

100 g/cm 2 ) if the calculations 1 - Oct. 31, 1967; 2 - July

of [14] and the data of the 9, 1968
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present experiments are normed to h % 120 g/cm 2. Specifically, at

the maximum (I' 120 g/cm2), the measured flux intensity amounts to

about 0.1 (cm2 . sec • sr)- . At small depths (h < 50 g/cm 2 ), the

individual measurement results diverge markedly. The greatest dis-

crepancy is observed for measurements made on June 14, 1967 and

October 27, 1967, on the one hand, and on August 6, 1967 and July 9,

1968, on the other hand. While in the first two of these flights

the intensity varies anomalously weakly with height, in the second

two flights the measured intensity decreases with altitude, following

more exactly the calculated variation. At altitudes hl < 20 g/cm 2

none of the flight results agree with the calculated flux [r 10- 2

(cm2 . sec - sr)-l].

The discrepancy found goes far beyond the statistical error

limit, and cannot be explained by the instrumental errors, since all

the measurements were made on the same instrument (A-3), and the con-

ditions inside the container were the same in all flights. An addi-

tional criterion of instrument operation correctness is the instru-

ment counting rate for particles of non-electron nature - particles

which do not create showers in the spark chamber. Such particles,

constituting about 10% of the total number of instrument triggerings,

may be muons, protons, and other particles which come to a stop or /120

interact in block A, or are recorded by the instrument as a result

of count loss of the counter C 3 . Figure 8 shows the altitude varia-

tion of the non-electron event counting rate in flights with "normal"

(July 6, 1967, July 9, 1968) and "abnormal" (June 14, 1967, Oct. 27,

1967) electron fluxes. We see that at all altitudes, no marked dif-

ference is noted in the counting rates and, consequently, the instru-

ment recording effectiveness was constant in all the flights. Fig-

ure 9 shows the altitude variation separately for electrons with

energy E r' 500 - 1500 MeV, which caused in the spark chamber showers

with number of particles n >10. Once, again, in this energy interval

in the June 14, 1967 and October 27, 1967 flights, we observe in-

creased electron flux intensity, although the statistical errors are

markedly higher here. This result indicates that particles, not
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-3

, , IA

counting rate: g cm-2

i1 Figure 9. Altitude dependence of

27, 1967; 2 -- July 6, 1967
27, August-9Jly68 direct flux electrons with energyand August 9, 1968 500 - 1000 MeV:

Notations same as in Figure 6

only electrons with energy
100 - 200 MeV, whose daily

variations were noted in [15, 16], but also electrons of higher ener- /121

gies (500 - 1000 MeV), whose variations were noted for the first time,

participate in the electron flux varaitions which we discovered.

b) Altitude dependence of albedo electron flux with energy

100 - 1500 MeV. The results of albedo flux measurements made on

October 31, 1967 and August 9 1968 aFire shown in Figure 7. Thdependene al-

bedo flux differs from the direct electron flux in both absolute

intensity and altitude dependence. The albedo electro as in increases

mtootonically with altitude up to about 15 g/cm 2 , where its maximum

is apparently observed.

It should be noted that the albedo flux measurement is made

particularly difficult by the background from the direct flux of

high-energy gamma quanta, which are converted in block A and create

a powerful electron shower, and in this case an impulse develops in

the directional Cherenkov counter. Among the ChC1C2C3 telescope

triggerings, only 20% of the cases are caused by albedo electrons.
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Separation of albedo electrons from the background gamma quanta was

possible, thanks to the presence of the spark chamber, in which it

is possible to determine the electron shower development direction.

It was apparently because of the strong background from electrons

and gamma quanta of the direct flux that in [171, where only a counter

telescope was used, the albedo electron flux recorded was higher by

several fold, and the altitude variation of this flux repeated the

strong altitude dependence of the direct electron-photon component

flux.

In addition to intensity, at the various altitudes we measured

the exponent a of the recorded flux differential energy spectrum.

In order to determine a, we calculated the average number n of

sparks in the showers at the given altitude, and from the calculated

dependence of n on a (see Figure 5), we determined the values of a e
Figure 10 shows the altitude dependence

of a . We see that the electron energy
e

spectrum varies with depth in the atmos- .

phere, which is a result of the differ- , j1 1-

ent participation at different altitudes . /122

of the two basic secondary soft compon- C o

ent generation processes: T p e -

decay and nr + 2y [18]. I ,

rt Atmospheric depth,The exponents a measured for "nor- Atmospheric depth,
e -2

g cm
aml" and "abnormal" fluxes agree every- Figure 0. Altitude de-

Figure 10. Altitude de-
where, except at the high altitudes pendence of differential

2 electron energy spectrum
(less than 30 g/cm2). At these alti- exponent ae
tudes, ae of the "abnormal" flux is

lower than for the "normal" flux, i.e., the "abnormal" flux has a

more rigid spectrum.

Because of the limited albedo electron flux statistics, it was

not possible to construct the albedo flux spectrum exponent altitude

dependence. The exponent aalbaveraged over all altitudes is 1.6 + 0.3.
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Discussion of Results

The most interesting result of the measurements is the discovery

of large direct electron flux variations in the upper layers of the

atmosphere. Since significant primary cosmic ray intensity changes

were not observed during the measurements, the secondary electron

flux should not have changed noticeably. Therefore, increase of the

recorded electron flux intensity could take place only as a result

of the appearance of additional electron flux iadd' incident from

outisde on the top of the atmosphere, whose magnitude is equal to

the difference between the recorded and calculated secondary fluxes.

The exponent add of the additional flux differential energy spectrum,

calculated from the a difference for the "abnormal" and "normal"
e

fluxes, was 1.56 + 0.22.

The additional flux cannot be explained by variation of the /123

double-albedo electron flux. The albedo and double-albedo electron

fluxes were identical in magnitude, and the maximal albedo flux which

we measured was a 7 • 10 (cm 2  sec sr)- , which is nearly an

order less than the recorded additional fluxes.

Table 2 shows the direct electron fluxes and additional fluxes

obtained in the six measurements made (in calculating the additional

fluxes, it was considered that the secondary electron flux calcula-

tion inaccuracy [14] is 20%), and also quantities characterizing cos-

mic ray intensity, solar activity, and state of the Earth's magnetic

field on the days of observation: number of Deep River neutron moni-

tor counts M, number Rz of solar spots, overall magnetic field K -
z p

indexf(Kp);, and the change of the overall K -index on the day of

measurement in comparison with the preceding day (A(2Kp). While - Kp

characterizes the state of the magnetosphere, A(jKp) shows whether

the disturbance level is increasing or decreasing. We see from the

values shown in Table 2 that the additional flux correlates only with
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TABLE 2

Measurement le 10 2  add 10 M R K A(K )
date 2-1 2 -1 Z p p

(cm *sec.sr) (cm 2.secsr)

at h=25 g/cm2  at h=25 g/cm
2

Direct flux

June 14, 1967 9.3 + 0.9 6.3 + 1.1 6625 31 23 + 10

July 6 4.1 + 0.4 1.1 + 0.7 6634 97 14 - 10

Oct. 27 9.2 + 0.7 6.2 + 1.0 6679 125 18 + 13

July 9, 1968 3.7 + 0.5 0.7 + 0.8 6489 91 9 - 4

Oct. 8 3.8 + 0.5 0.8 + 0.8 14 - 8

Nov. 19 4.2 + 0.4 1.2 + 0.7 6217 12 - 16

Albedo

Oct. 31, 1967 0.52 + 0.08 - 6414 100 11 - 7

July 9, 1968 0.40 + 0.15 - 6489 91 9 - 4

the parameters characterizing the magnetic field: the additional

flux appears for large values of Kp' and A(XK , . This means that ap-

pearance of the additional flux is connected with magnetosphere tran-

sition from the quiet to the disturbed state.

Both the very fact of additional flux recording and their de-

pendence on magnetosphere state lead us to the conclusion that elec-

trons with energy greater than 100 MeV exist and accumulate in nearby

near-Earth space. We can consider that such electrons fill the part

of the inner electron belt nearest the Earth, and are weakly re-

tained by the geomagnetic field. The additional fluxes which we

recorded represent the "spilling" part of the trapped flux, and

spilling takes place for comparatively small magnetic field disturb-

ances. If the trapped flux is located on the shell L = 2, spilling

should be observed at the middle latitudes, where our measurements

were made, and should be absent at the high latitudes, where most of

of the electron flux measurements in the 100 - 1500 MeV interval were

made by other authors [2, 3, 15, 16, 19 - 24]. However, many
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measurements of the electron flux in the same energy interval have

been made at the middle latitudes [17, 21, 25, 26], and the fact that

the additional electron flux was not detected in these studies is

apparently explained by the fact that none of these measurements were

made with such a disturbed magnetosphere (vKpl 1 8 , and A(K , 10),.

as our measurements on June 14, 1967, and October 27, 1967.

While the measurement on July 9, 1968 yields the electron flux

value for the quiet magnetosphere and the measurements on June 14,

1967 and October 27, 1967 yield the value for the disturbed magneto-

sphere, the measurements on July 6, 1967, October 8, 1968, and Novem- /124

ber 19, 1968 represent essentially an intermediate case: small dis-

turbances took place on the days before the measurement (July 5,

1967, October 7, 1968, November 18, 1968) and terminated by the time

of the flight, as indicated by the large negative values of the quan-

tity A(CKp). The time between termination of the "disturbance" and

initiation of the measurements was 3 - 18 hours. Spilling was nearly

completely terminated and an electron flux state returning to the

"normal" state is recorded, although in the 500 - 1500 MeV interval

(Figure 9), there is still marked excess above the "normal" state in

the measurements on October 8, 1968 and November 19, 1968.

Electrons with energy greater than 100 MeV, having Larmor

radius > 90 km, can be retained by the Earth's magnetic field, which

follows from the fact of recording in the inner radiation belt on

the shellwith LI%\ 1.5 of protons with energy E > 110 MeV, whose

Larmor radius exceeds 400 km [4].

If the spilling part constitutes , 10 - 2 of the trapped flux,

the intensity of the latter must be no more than 1 - 10 (cm 2 . sec
-I

sr)- , which is several orders of magnitude less than the electron

flux intensity with energy 0.01 - 1 MeV, usually recorded in the

radiation belts [27]. It appears that faster and more selective

equipment, in comparison with that usually used for analysis of
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radiation belt composition [27] is required for recording such flux

on the background of considerably larger low-energy electron and

energetic proton fluxes.

In conclusion, we wish to express our thanks to E. I. Pobedono-

stsev, V. A. Petukhov, and I. A. Prishaev for their assistance in

carrying out the experiments.
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STUDY OF CHEMICAL COMPOSITION AND ENERGY SPECTRA

OF GALACTIC COSMIC RAYS ABOARD AES

N. L. Grigorov, N. N. Volodichev, I. A. Savenko,

and A. A. Suslov

Nuclei heavier than protons in cosmic rays were first dis- /126

covered in 1947 by groups of researchers at Minnesota and Rochester

Universities. Using a nuclear emulsion and Wilson chamber installed

aboard balloons, they found in the primary flux nuclei of various

elements up to charge ' 40 [1, 2]. Since that time, the chemical

composition and energy spectra of multiply charged primary cosmic

radiation nuclei have become the objects of intense study.

In the present article, we discuss the result of measurements

of nuclei fluxes with charges Z 1i, 2, 4, 6, 16 of primary cosmic

rays of moderate energy, obtained aboard the Proton 2 cosmic station

using an SEZ-1 Cherenkov spectrometer [3] in orbital segments with

known satellite orientation. We selected trajectory segments in

which the satellite rotated about its axes with rate not exceeding

1 - 2 deg/sec - , which made it possible to calculate the cutoff geo-

magnetic rigidity values to within ± 10%. The rigidity values were cal-I

culated from the data of [4]. Among the available data, these con-

ditions are satisfied by 16 measurement seances, lasting approxi-

mately 12 hours each. For the analysis, we selected data obtained
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without instrument shading by the Earth. Table 1 shows the numbers

of nuclei of the various groups recorded in the 16 measurement

seances in the geomagnetic rigidity interval 3 - 16 GeV/c, and the

time the satellite was in the no-shading zone. We note that the

satellite was in this zone for less than 20% of the time.

TABLE 1*

o hrs f N (z2 N (Z2) N (Z4) N (Z6) N (Zl16)

10,0 475800 58382 8732 6065 501

Translator's note: Commas represent
decimal points.

1. Primary Nuclear Group Flux Relations

The experimental data presented in this study were obtained dur- /127

ing nearly a month of instrument operation. Therefore, we must be

certain that in the course of this time the instrument operated

stably, and that the same nuclear groups were measured. The inten-

sity of the various nuclear groups measured by the instrument during

this period can serve as a control of instrument operation. Since

the satellite was not oriented and performed random rotations around

its axes, we determined the average intensity over a quite long time

interval in order to exclude the influence of instrument inlet aper-

ture shielding by the Earth. Figure 1 shows the dependence of the

averaged - with respect to direction and time (approximately a day)

-- intensity of nuclei with Z1, Z:'2, Z:4, Z6 1 and Z>16, on time

in the course of satellite orbits 1 - 631. The statistical errors at

each point in the scale of the figure do not exceed the dimensions of

the points. The filled points were obtained by averaging the data

over half a day, since information for the other half of the day was

not available for one reason or another. We see that for the group

Z 1, this time is not sufficient, apparently because of the fact

that in this group the primary nuclei are supplemented by secondary

particles, whose distribution with respect to latitude and direction
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differs from the distribution

for the primary particles -e -.

[5 - 7]. Nevertheless, the 00

mean square deviations of the o ~- ^ aaarnAAAA

day-long average intensities * '. /128
- I 000000000°O00*0 000000000000 0 O00

from the mean intensity a , i /a.
~, IvW vvvVWVyvI

O
Vv I vvr

w VY
values for each nuclear group Z -

do not exceed 1%. The con- C cj 000 00000000#c0 o0o0004"" 49000#00o
g y Ua l _ I I I I I

standy of the intensities for - / * 2 J7/ / S I
-- Date'

all the nuclear groups in- D ate I 1
o /5 " °ZOrbit /

dicates quite convincingly Orbit
A 0V o mA 0 v #Z

stable values of the photo-

multiplier electrical thresh-
Figure 1. Dependence of averaged

olds and gain in the course intensity of various nuclear groups
of the long measurement time on time in the course of orbits 1 -

period. 631 of the Proton 2 AES:

1 - day-long average; 2 - half-
day average

The evidence of stable

instrument operation makes it

possible to examine the data obtained by averaging them over a long

time interval. Table 2 shows the average nuclear group flux ratios

TABLE 2*

R. GeV/c - N(Z>2)/N(Z>6) N (Z>2)/N(ZI>6)

-6 10,6o0,2 11310
6--10 10,6±0,3 123±21

10--16 11,0 0,5 91+9

Translator's note: Commas represent
decimal points.

N(Z:2)/N(Za6 and N(Z 2)/N(Z;16)j during 16 measurement seances,

and the mean square deviations from the average values in each cutoff

geomagnetic rigidity R range. 1 Corrections for distortions due to

the threshold devices and edge effects [18] are introduced into the

ratios. We see that, to within experimental errors, the ratios of
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the fluxes of nuclear groups with Z 2, Z:6, Z 16do not change with

rigidity increase from 3 to 16 GeV/c.

2. Primary Cosmic Ray Nuclei Rigidity

and Intensity Spectra

Using the data obtained, we plotted the integral rigidity spec-

tra for particles with Z: 1, Z>2,Z>61 , and Z'>161 (Figure 2). Here,

the intensity values were determined by averaging in the threshold

rigidity intervals 1 - 3; 3 - 6; 6 - 10; and 10 - 16 GeV/c the in-

tensities obitained dring the 16 meas-

urement seances. In Figure 2, the in-

tensity values found in this way lie in 2

the middle of the corresponding rigid- ® n

ity intervals. An exception are the

intensities determined for the rigidity r1 /129

1 - 3 GeV/c, which relate to the effec- )

tive rigidity values determined by the ®

instrument threshold devices. Table 3

shows the nuclear group intensities ob- zal'.

tained for kinetic energies E cor-
kin' /

responding to the effective rigidity z 'aoitGeV/c

values.
Figure 2. Integral
rigidity spectra for par-

The integral rigidity spectra ex- ticles with different

ponents y - 1, determined from our data charges

TABLE 3*

Nuclear group Ekin, GeV/nuc Particle rate, m 2sec -lsr

Z 1 0, 5 4420±80
Z;; 2 >0,7 430±.10
Z 6 >.0,5 47±2
Z 16 ,0,6 3,3±0,2

Translator's note: Commas represent decimal points.
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in the interval 6 - 16 GeV/c, are equal to 1.3 + 0.1 for the nuclear

groups with Z > 2 and Z 6; 1.1 + 0.1 for the group with Z > 1; and

1.0 + 0.3 for the group with Z > 16. The errors of the y - 1 values

were due to the mean-square deviation of the intensities obtained in

each measurement seance from the averaged intensity values. The

somewhat smaller slope of the spectrum of particles with Z 1i, in

comparison with the slope of the spectra of nuclei with Z > 2 and

Z > 6, is apparently due to secondary particles, whose relative con-

tribution to the primary nuclei fluxes increases with decrease of

the latitude [5]. The reduction of the spectrum slope of nuclei

with Z > 16 can be explained by the inadequate statistical basis for

these nuclei. Considering these remarks, we can conclude that the

integral rigidity spectra for all the primary nuclear groups repre-

sented here are similar, and the exponents y - 1 of the integral

spectra for these groups satisfy the value 1.3 + 0.1. This agrees

well with the y - 1 values published in the literature for threshold

rigidities 3 - 16 GeV/c [5, 9, 10].

3. Dependence of Nuclear Group Flux Ratio

L (3 < Z < 5)/S (Z > 6) on Rigidity

The light nuclear group fluxes L (3 < Z < 5) were determined

from the difference of the fluxes of nuclear groups with Z > 4 and

Z > 6, with account for nuclear abundance in this group [51.

According to the calculations, the probability of recording a-

particles after a threshold recording nuclei with Z > 4 did not ex-

ceed 10- 7 . Table 4 compares the average nuclear group L and S flux i

ratios during 13 measurement seances for different threshold rigid-I

ity intervals. Corrections for distortions due to the threshold

devices and edge effects were introduced into these ratios [8]. We /130

see from Table 4 that the quantity L/S increases from 0.28 + 0.02

to 0.42 + 0.03 with increase of the geomagnetic cutoff rigidity.
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4. Discussion of Measure- TABLE 4*

ment Results
.R. GeV/c I LIS

As noted above, the channel 3-6 0,28+0,02
6-10 0,39±0,03

intended for registering particles 10-16 0,42+0,03

with Z > 1 recorded both primary ,
Translator's note: Commas

protons and nuclei and secondary
represent decimal points.

singly charged particles. Figure

3 shows the integral rigidity

spectra for these particles measured 9./4'

aboard the Proton 2 AES during orbits 'L

45 - 52 of the satellite trajectory o //t
i ' +

(points) and aboard the Klosmos 137 AES -

(solid curve) [11]. The measurements
rE J / ZJ~~/ JO/f GeV/c(

aboard Kosmos 137 were also made by a o

Cherenkov counter, a year after the Figure 3. Integral

measurements aboard Proton 2. With ac- rigidity spectra for
particles with charge

count for the statistical errors, we Z > 1:

can consider that the results of the 1 - Proton 2; 2 - Ios-

two series of measurements are quite mos 137; 3 - statisti-
cal error of measure-

close. The statistical error for the ments aboard Khsmos 137

measurements aboard Klosmos 137 is shown

below the solid curve.

The resulting integral spectra and nuclear group ratios as

functions of rigidity indicate similarity of the integral spectra of

nuclear groups with Z > 2, 6, 16 in the 3 - 16 GeV/c interval, which

confirms the preliminary conclusions drawn previously on the basis

of analysis of the information obtained aboard the Proton 1 and 2

AES [12 - 15]. The same conclusion has been drawn in several studies

performed aboard balloons and satellites [5, 9, 16, 17]. However,

studies have recently appeared in which the possibility of differ-

ence in the spectra of the different moderate-energy nuclear groups

is noted.

Specifically, in [10, 18, 19], the values 1.32 + 0.05; 1.40 +

0.07; 1.46 + 0.14, respectively, were obtained for the integral
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spectra exponent of the nuclei of helium, the M-group (6 < Z < 9)

and the VH-group (Z > 20) for 3 - 12 GeV/c geomagnetic cutoff rigid-

ity. The authors of these studies state that their results do not

exclude systematic increase of multiply charged nuclei spectra slope

with increase of the charge. A similar conclusion was reached pre-

viously in [20], but it was not confirmed by later experimental data.

If the conclusions drawn in [10, 18, 19, 20] are confirmed, a ques-

tion inevitably arises: is the difference in the nuclear group spec-

tra embedded during spectra formation in the cosmic ray sources, or

is this the result of primary nuclei interaction with the hydrogen

of the interstellar medium? Thus, improved determination of multiply

charged nuclei is an urgent problem today.

The conclusion on similarity of the integral spectra of the

various nuclear groups in the moderate-energy interval drawn in the

present article confirms qualitatively the possibility of existence

of the cumulative acceleration mechanism proposed in [21], in which

the particles acquire identical momenta per unit charge, i.e., they

are accelerated to the same rigidity, and their rigidity spectra are

thus similar. The values obtained for the integral spectra exponents

1.3 + 0.1 agree with the values 1.5 + 0.2 given in the literature

[5, 9, 10]. The values presented for N (Z > 2)/N (Z > 6) and

N (Z > 2)/N (Z > 16) are close to the flux ratios of these groups

for moderate energies obtained by other authors [5, 10, 19].

The intensity values for the nuclear groups obtained in the

present study exceed, by a factor of two or more, the intensities

measured by several investigators in the same time period aboard

balloons [10, 18, 19, 22 - 24], and aboard "distant" satellites

[25 - 28], although there are exceptions [25, 26, 29, 30].

The data on nuclear group fluxes obtained aboard "nearby" satel-

lites (altitudes % 200 - 600 km) are scanty. However, we should

note the study [17], in which high intensities of the various nuclear

groups were also obtained.
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The high (in comparison with the galactic cosmic ray nuclear

flux values accepted in the literature) intensity values obtained

aboard the Proton 2 satellite can be explained, for example, by

trapping of primary cosmic radiation nuclei into quasiperiodic or-

bits. An argument supporting this assumption is the similarity of

the different nuclear group flux magnitude ratios from the Proton 2

satellite data to the corresponding ratios for galactic cosmic rays.

However, the instrument aboard the Proton 2 AES did not permit

differentiating single particles from "shower" events. Therefore,

the high intensities obtained may be due to recording of showers, al-

though quantitative explanation of the effect, in this case, encount-

ers major difficulties. We should emphasize that the high intensi- /132

ties measured aboard the Proton 2 AES for the different nuclear

groups retain constant values over a long time period (a 1.5 months).

It seems to us that this effect is of considerable interest, and new

experiments are required to clarify its nature.

The values for L/S = 0.28 - 0.42 in the present study agree with

the results of several studies [10, 31 - 38], in which the values

0.2 - 0.4 were obtained for this ratio, which corresponds to thick-

ness of matter traversed by the primary nuclei equal to 2 - 10 g/cm 2

[5, 9, 331 and cosmic ray lifetime ft 3 * 108 [9].

The increase of the nuclear group L

and S flux ratio noted in the present

study with geomagnetic cutoff rigidity

increase (Figure 4) agrees qualitatively

with the results of][24], in which increase . ' " " GeV/c1

of this ratio (more precisely L/M) from

0.18 + 0.05 to 0.30 + 0.03, with energy Figure 4. Ratio L/S
versus rigidity

increase in the interval from 100 to more

than 600 MeV/nuc, was obtained. In some

studies [31, 32], no change of L/S with energy was found, while in

[10, 33 - 38], decrease of this ratio with energy increase is noted

for moderate energies, although, if we consider the measurement ac-

curacy, it is more natural to speak in [33, 35, 36] of constancy of
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the ratio L/S with energy change. We should also note that study of

the dependence of L/S on energy in the moderate-energy interval has

been carried out aboard balloons, except for our investigation.

More precise determination of the nuclear group L and S flux

ratio energy dependence is important for solving the question of

selecting the particular cosmic ray origin model. If it is found

that L/S increases with energy increase, this may support the unsteady

galactic model, in accord with which most cosmic rays are formed dur-

ing powerful and rare explosions in the galactic nucleus region. The

frequency of such explosions is no greater than once in u 108 years

[9, 39 - 41].

Decrease of L/S with energy increase will be an argument against

the nonstationary galactic cosmic ray origin model [39, 40, 42].

Such dependence of L/S on energy can occur, for example, if nuclei /133

with low rigidity enter the trap in the source region, passing

through as a result of the larger amount of matter, and in this case

more L nuclei are formed by fragmentation [43], or, if the slow cos-

mic rays travel basically in the disk region, where the average in-

terstellar gas density is higher, while the relativistic particles

spend a significant part of the time in the more rarefied halo [40].

The question of acceptability of any particular model can be finally

resolved after accounting for the ionization losses during primary

nuclei propagation in interstellar space and establishing the frag-

mentation paramater energy dependence [39, 40, 42].

5. Prospects for Investigation

Several studies [5, 9] of Soviet and foreign experimenters have

been devoted to investigation of primary cosmic ray composition and

energy spectra. Prior to the advent of artificial satellites and

space rockets, experiments of this sort were performed aboard bal-

loons (primarily by the foreign investigators). These measurements

made it possible to determine the energy spectra of the various nu-

clear groups as a function of primary cosmic ray charges, obtain
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information on the chemical composition of nuclei of solar origin in

the low-energy interval during powerful chromospheric bursts on

the sun.

However, in view of the small number of balloon flights and

large measurement errors, the data on cosmic ray nuclei chemical com-

position and energy spectra were far more scanty than the correspond-

ing data on the cosmic ray proton component. This is explained by

the fact that, in addition to the large statistical measurement er-

rors associated with the small magnitudes of the cosmic ray multiply

charged component fluxes, errors in comparing the data of different

authors, obtained using different instruments, are possible. Addi-

tional discrepancies resulting from such comparison arise when ex-

trapolating the flux values obtained from balloon experiments to the

upper edge of the atmosphere.

When conducting measurements beyond the limits of the Earth's

atmosphere, i.e., aboard satellites and space rocketls, the drawbacks

noted above, associated with balloon experiments ,disappear to a con-

siderable degree and, moreover, it becomes possible to conduct quite

long-term and continuous observations of cosmic ray intensity. Such

observations are very important in obtaining statistically valid meas-

urement results when studying intensities in comparatively narrow

energy intervals, or when recording heavy nuclei and very-high energy

particles, when the intensity of the particles being recorded is

very low.

From the data on primary cosmic ray chemical composition and /134

energy spectra and their changes as a function of time, we can obtain

valuable conclusions on the processes of cosmic ray generation in

the sources, propagationlconditions in cosmic space, and the proper-

ties of this space (magnetic field structure, amount of matter trav-

ersed by the cosmic ray particles, and so on).

Most of the data published in the literature on primary cosmic

ray composition and energy spectra agree satisfactorily with one

another only for the nuclear groups based on charge. However, even
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for the intensity ratios of the elements within a given nuclear group,

the difference may reach a factor of two or more. At the same time,

it is necessary to know these ratios for the various energies with

far better accuracy, in order to analyze the correctness of any par-

ticular theory of cosmic ray origin, the mechanism of their genera-

tion, and in order to make a more detailed study of the conditions

in cosmic space.

In order to solve these problems, it is necessary to make meas-

urements using an instrument having the best possible charge ampli-

tude resolution when recording cosmic ray nuclei with different

charges Z.

Study of primary cosmic ray chemical composition and energy

spectra is carried out by various methods: photoemulsions, n - p de-

tectors, scintillation and Cherenkov counters, calorimeters, and so

on. However, in the geomagnetic energy interval, use of scintilla-

tion and Cherenkov counters is advantageous, since in this case they

have the following advantages, in comparison with the other methods:

1) possibility of creating adequately wide-aperture instruments

with geometric factor r L 100 cm 2  sr, along with comparatively

simple fabrication, adjustment, and measurement result analysis; as

was noted above, this possibility is important in obtaining statisti-

cally valid measurement results when recording low-intensity radia-

tions;

2) directivity of the Cherenkov radiation and insensitivity of

the Cherenkov detector to low-energy particles, specifically, nuclear

disintegrations; these characteristics make it possible to avoid the

background of low-energy particles whose intensities may exceed by

several orders that of the radiation being studied.

One of the disadvantages of the scintillation-Cherenkov counter

method, in comparison, for example, with the photoemulsion method,

is the "nonvisuality" of the events being recorded which, however,
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can be compensated for to a considerable degree if differential

amplitude analysis of the nuclei, based on individual charges, is

made. If such an analysis is not made, and recording of the cosmic

ray nuclear groups is accomplished by integral threshold devices (as /135

was the case in the SEZ-1 instruments aboard the Proton 1 and 2

satellites), then for correct interpretation of the measurement re-

sults in this case, proper correlation of the triggering threshold

level in the given integral channel with the "threshold" value of

the recorded particle charge is necessary.

The amplitude resolution of the recorded particles, with regard

to charge when using the scintillation-Cherenkov counter method,

can also be quite good. Thus, under laboratory conditions, when

using instruments of the SEZ-1 type, the amplitude distributions of

singly charged relativistic particles were obtained in the Cherenkov

counter with relative halfwidth p , 50%. For relativistic particles

having charge Z, the distribution relative halfwidth will decrease

in inverse proportion to Z. However, in order for such a relation-

ship to be realized, it is necessary, when using in the Cherenkov

counter "large" photomultipliers of the PM-49 type, to select photo-

multipliers with adequate uniformity of the sensitivity over the

photocathode, and screen the photomultiplier from the Earth's mag-

netic field influence by a magnetic shield. When using as Cherenkov

light detectors "small" photomultipliers, in which the photocathode

dimensions and distance from the photocathode to the first dynode are

much less than for the PM-49, it is necessary to ensure uniform light

collection, regardless of the point of recorded particle passage in

the detector.

It should be noted that the difficulties noted above are not

fundamental. Simple calculations show that elimination of these dif-

ficulties, along with use of "good" instrument geometry, is quite

possible with reasonable instrument dimensions, and makes it possible

to carry out differential amplitude analysis of the cosmic ray nuclei

on the basis of individual charges, up to and including the iron

nuclear group. However, in this case it is necessary to perform

simultaneous differential analysis of the recorded nuclei on the
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basis of charge, using both Cherenkov and scintillation counters

in order to avoid ambiguity in identification of events associated

with Cherenkov radiation intensity dependence on energy near its

"threshold".

An instrument of the SEZ-1 type, with use of a linear amplitude

analyzer for nuclear charge analysis, was installed aboard the Cosmos

228 satellite. Preliminary results of measurements obtained using

this instrument were presented in [44].

In conclusion, the authors wish to express their thanks to V. V.

Beletskiy, I. G. Khatskevich, V. V. Golubkov, A. F. Sidorov, and I.

A. Buterina for analysis of the Proton 2 AES orientation data.
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PROCESSING PROTON SPACE STATION SCIENTIFIC INFORMATION

V. V. Akimov, V. V. Beletskiy, V. V. Golubkov,

G. N. Zlotin, S. I. Karmahov, I. N. Kiknadze,

V. Ye. Nesterov, V. M. Pokras, V. L. Prokhin,

I. D. Rapoport, and I. G. Khatskevich

Introduction

The primary objective of the experimenter in conducting meas- /138

urements aboard satellites is rapid and effective acquisition of in-

formation on the measured parameters. Leaving aside questions asso-

ciated with formulation of the scientific experiment itself and

quality (or validity) of measurement of the parameters being investi-

gated by the scientific apparatus sensors, we shall examine those

characteristics which are associated with the specifics of conducting

experiments aboard satellites and must be considered in processing

the scientific information.

The questions are associated both with the nature of the

measured parameter output to the telemetry system, technique of data

transmission and reception by the ground stations, techniques for

correlating the measured parameters with the time and the data on

satellite motion along its orbit and around its center of mass (i.e.,

questions of the design of certain satellite systems), and with the

methods for processing the scientific information using ground-based
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special-purpose and general-purpose computers. These characteris-

tics are general, and must be considered in the design of most

scientific experiments aboard satellites. Therefore, it seems to us

that the experience accumulated in planning and carrying out scien-

tific data processing for the Proton AES will be of considerable

interest to both the physicist-experimenters and the satellite system

designers.

1. Proton AES Experiment Formulation and

Data Processing

The basic task posed in carrying out scientific experiments

aboard the Proton AES was to ensure interaction between the scienti-

fic equipment, satellite systems, and ground processing facilities

which would permit rapid automatic analysis of all the information.

Here, all the indicated elements were considered component parts of

the Proton AES integrated instrumentation-information complex, in-

cluding: scientific instrument sensors; system for gathering infor- /139

mation and feeding it to the telemetry system; telemetry system

proper; scientific measurement support system (timing, trajectory,

and orientation measurement); the systems for receiving, recording,

decoding, and inputting the telemetry information to the general-

purpose computers; and the data processing system.

The first four elements formed the onboard components, and

the last two elements - the ground-based components of the satellite

instrumentation-information complex.

The scientific equipment description, procedures, and measure-

ment results were reported in [1 - 4]; the characteristic features

of instrument indication output to the telemetry system, description

of the system for telemetry information input to the computers, and

some other elements of the complex are presented below.

We shall note the basic operating characteristics of the

Proton AES data measurement complex.
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1. The scientific apparatus parameters are recorded every

eight seconds continuously throughout the entire flight by a high-

scan-rate telemetry system using about 150 channels. The total vol-

ume of measurements subject to processing is about 107 bits per day,

or 109 bitslduring the entire satellite lifetime.

2. Processing of the scientific apparatus parameters requires

simultaneous decoding of many channels in each scan frame (the frame

is the eight-second cycle, corresponding to scanning all the tele-

metry channels).

3. Requirement for time correlation, not only of each frame,

but also of many channels within the frame.

4. Requirement for correlation of each frame to the naviga-

tional data (trajectory and orientation).

5. The Proton satellite is nonorientable, and its orientation

is determined by a circular scan optical sensor (accuracy about + 30)

and a three-component ferrosonde magnetometer. However, statistical

reduction of the orientation data is required because of the large

measurement errors and inadequate number of measurements.

6. The necessity for storing the raw recording data requires

re-recording all the data on synoptic charts.

7. Requirement for hardware tie-in between the telemetry

system and the general-purpose computer.

8. Breakdown of the scientific information processing tech-

nological cycle into: processing the scientific equipment indications,

determinining the navigation parameters, combined processing of the

scientific information, and the navigational data.

The designers of this system were faced with two basic tasks:

1) the technical organization task, including organization of the

overall processing system and its individual elements; 2) the
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scientific methods task, including the development and introduction

of methods and programs for processing the scientific information /140

and navigational data. In order to solve these rpoblems, it was

necessary to develop:

1) methods for machine processing of the radiotelemetry infor-

mation, including the technique for ground-based recorder data input

into the general-purpose digital computers;

2) methods for organizing the multistep process of processing

large and varied information streams;

3) method for determining vehicle orientation;

4) rational forms for output of the large volume of numerical

data for their use by the experimenters;

5) methods for checking the validity of the results generated

in the automatic data reduction process.

To this end, a mathematical support complex consisting of several

programs was developed and implemented for the Ural-ll and M-20 gen-

eral-purpose digital computers:

1) program for input to the Ural-ll general-purpose digital com-

puter of information from the ground-based telemetry system recorders

and preparation of the magnetic tape in the format of the given

general-purpose digital computer ("Artur" system);

2) program for initial data processing with time correlation and

voltage scaling;

3) program for logical processing and output of the instrument

indications for the various output groups;

4) program for determining law of satellite motion around the

center of mass from the measurement data;
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5) program for calculating the navigational parameters at

specified moments of time.

As a result of formal division of the information streams into

arrays which can be assigned characteristics, serial processing of

selected arrays with fixed data format output for each of them was

organized. Thus, for each reproduction seance entering for serial

processing, a set of volumes was generated with instrument indica-

tions - eight books having the same format, which facilitated search

for and comparison of the values of the various parameters at the

same moments of time.

In the process of debugging the processing system, we developed

methods for output of intermediate synoptic materials characterizing

the quality and composition of the information ("tabular", "dropout

matrix", and "level number" methods), which made possible stage-by-

stage checking of the results, and resolution of the question of con-

trolling the course of the subsequent data processing.

II. Techniques for Instrument Indication Output

to Telemetry System

The telemetry system transmits a voltage in the range of 0 - 6

V over each of the telemetry channels. This means that the output

signals of all the equipment installed aboard the satellite must be

presented in the form of discretely or continuously varying voltages. /141

In this case, it is usually necessary that the time during which the

output voltages run through the entire variation range be longer than

the telemetry channel scan period. Otherwise, it becomes impossible

to follow the output voltage variation process.

The information comes from the outputs of the scientific equip-

ment installed aboard the satellite in the form of voltage pulses,
formed by the electronic logic circuits and corresponding to the

various forms of events recorded by the instruments. The numbers or

repetition frequencies of the pulses from all the scientific equipment
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outputs must be transmitted over the telemetry system. The pulse

repetition frequency is converted into voltage by a rate meter having

linear or logarithmic scale. The reconversion from voltage level to

rate at the moment of telemetry channel sampling is accomplished on

the basis of the rate meter calibration curve.

When transmission of a number of pulses is required, use is

made of an output unit consisting of one, two, or three output trig-

gers and a summer. The summer has three inputs, with transmission

coefficients such that the application of voltage from the trigger

to the first input yields a voltage increment at the summer output

of about 0.85 V, application to the second input yields an increment

of about 1.7 V, and application to the third input yields an incre-

ment of about 3 V. In the absence of voltages at the inputs, the

voltage at the summer output is equal to zero. Thus eight discretel

voltage levels can appear at the summer output, each of which isj

uniquely associated with the state of the output triggers. Conver-

sion from level number to trigger state is accomplished with the

aid of Table 1.

TABLE 1

Level Uo, V Trigger state Level Uout, V Trigger state
no. at summer no. at summer

inputs inputs

1 2 3 2 2 3

0 0 0 0 0 4 3.4 0 0 1

1 0.85 1 0 0 5 4.25 1 0 1

2 1.7 0 1 0 6 5.1 0 1 1

3 2.55 1 1 0 7 5.95 1 1 1

Figure 1 shows various techniques for connecting the output

triggers to the outputs A, B, C of the scientific equipment.
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aI b 'c
B / B C;

Summer -Summer Summer

/ out I /out out
A,B,C- T-2 1/-J

Figure 1. Connection of scientific equipment out uts

a - scientific equipment outputs; b - trigger; c - output to
telemetry system

In order to determine the number of pulses arriving from the

scientific equipment output during the time between two successive

(nt h and (n + ist)i telemetry channel scans, it is necessary to know

the number of the voltage levels at the summer output for these

scans (Nn and Nn+l).

Conversion from the level numbers N and N to number of /142
n n+l

pulses is accomplished using tables like Table 2, which serve for

determining the number of type A pulses, with connection of the out-

put units in the various schemes (Figure 1), respectively.

Each of the output unit connection techniques is characterized

by the maximal uniquely reproducible number of pulses between two

successive channel scans. For pulses A in schemes a, b, c of Figure

1i, the maximal numbers of pulses are equal to 7, 3, 1, respectively.

If there is a higher pulse repetition rate, counting losses will oc-

cur, leading to distortion of the information. Prescaling of the

pulses from the scientific equipment outputs is used to ensure an

acceptable pulse repetition rate at the inputs of the output units.

Thus, each of the scientific equipment outputs is characterized by:

1) prescaling value; 2) output unit connection technique.

When processing the scientific information, it is necessary to /144

use the data of magnetometers and times installed aboard the satel-

lite. Voltages varying in the 0 - 6 V range are applied to the
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TABLE 2

a bi

01 I 1 3 14 1516 7 0 1 2 13 4 15161 7
0 0 7 6 5 4 3 2 1 .0 0 3 2 1.0 3 2 1

1 1 0 7 6 5 4 3 2 1 1 0 3 2 1 0 3 2

2 2 1 0 7 6 5 4 3 2 2 1 0 3 2 1 0 3

3 3 2 1 0 7 6 5 4 3 3 2 1 0 3 2 1 0
4 4 3 2 1 0 7 6 5 4 0 3 2 1 0 3 2 1

5 5 4 3 2 1 0 7 6 5 1 0 3 2 1 0 3 2
6 6 5 4 3 2 1 0 7 6 2 1 0 3 2 1 0 3
7 7 6 5 4 3 2 1 0 7 3 2 1 0 3 2 1 0-

O' 0 0 1 0 1 0 1

1 1 0 1 0 1 0 1 0
2 0 1 0 1 0 1 0 1

3 1 0 1 0 1 0 1 0
4 0 1 0 1 0 1 0 1
- 1 0 1 0 1 0 1 0

6 0 1 0 1 0 1 0 1
7 1 0 1 0 1 0 1 0

Telemetry system from the magnetometers. With the aid of calibration

curves, the voltages can be converted to magnetic field intensity

component values.

A voltage of about 5 V appears at the timer output at the end

of each one-minute (in the direct transmission mode) or 10-minute

(in the memory mode) time interval, and serves as a reference point

for time code transmission initiation. In the subsequent 10 timer

channel scans, the 10 binary digits of the time code are read out.

The value "0" corresponds to 0 V, the value "1" corresponds to % 5 V.

At the next timer channel scan, the reference for end of time code

transmission is read out, expressed by a voltage of ' 5 V. Between

such series of 12 scans, a voltage equal to zero is maintained in the

timer channel.
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i. General Scheme of Processing System

A general scheme of the Proton data instrumentation and informa-

tion processing system is shown in Figure 2.

The ground-based telemetry recording magnetic tapes and infor-

mation on satellite flight control enter the system in the data col-

lection and processing center.

At the system output, the processing results appear in the form

of systematized documentation, which form the Data Bank of the given

cosmic experiment, and is destined for subsequent storage with re-

peated access to the data for analysis and scientific interpretation

of the measurement values.

We see from the schematic that the information material passes

through several processing stages. After systematization of the

materials and determining their characteristics, the data processing

proceeds in two directions:

1) summary re-recording from the magnetic types, which is used

for examination, preliminary analysis, manual processing using sim-

plified programs, and subsequent long-term storage; re-recording is

performed on special-purpose computers and individual-channel paper

graphs of the voltages are generated; this re-recording is fast and

is performed for all measurement seances;

2) frame-by-frame processing of the data on general-purpose

digital computers with output of the instrument indications and

navigation parameter values for each telemetry system scan point.

This processing is considerably more time-consuming, and is per-

formed only for selected measurement seances. The output in tabular

form is bound into volumes, also subject to long-term storage.
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Ground-based recording

Preparation Material Calculation of AES
of summary systematization orbital motion

graphs ) and selection law

Manual readout Input to general-
of summary I purpose computer

graphs

Time correlation

Voltage scaling

Indications Indications Indications
of 1 st out- of nth out- of magneto-

group group meters

Calculation of law of
AES motion around cen-

ter of mass

Determination of
orientation and asso-
ciated parameters at

Data specified moments of

bank time

'Processing of Processing of scientific equipment indica-
scientific equip- Itions with account for orientation
ment indications
without account
for orientation

Analysis of results

Figure 2. Proton data processing system
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2. Telemetry Data Input to General-Purpose

Digital ComputerandData Preparation for Processing_1

The scientific instrument telemetry indications had very little /145

statistical redundancy; therefore, it was necessary to process every

telemetry word. This circumstance in itself made it difficult to

perform the processing on specialized computers. The great variety

and complexity of the algorithms which would have had to be realized

during processing excluded the possibility of constructing a complete

processing system using special-purpose computers.

In order to process the data on a general-purpose digital com-

puter (GPDC), it was necessary to prepare the data recorded on the

radiotelemetry system (RTS) magnetic tape, performing the following

steps:

1) input of the data recorded on the radiotelemetry system mag-

netic types to the GPDC;

2) localization and marking of synchronization dropouts. and re-

storation of the standard telemetry frame structure;

3) compiling reference information tables;

4) representing the radiotelemetry data and additional informa-

tion in a formalized structure, input of these data to the GPDC

magnetic tape;

5) monitoring the quality of the data prepared for processing.

The data input to the GPDC from the magnetic tape was accom-

plished using the method for direct input of large data arrays re-

corded on magnetic tapes into GPDC which had been developed at the

Institute of Space Studies of the Academy of Sciences of the USSR.

This method permitted data input to the computer without any trans-

formation.
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Localization and marking of the synchronization dropouts and re-

storation of the standard telemetry frame structure are necessary

for telemetry channel separation and time correlation of the data.

In restoring the structure, we used both a priori information on

radiotelemetry system frame standard structure and the statistical

characteristics of the data being processed. Algorithms were devel-

oped which localized synchronization dropouts of up to three tele-

metry words and detected and marked dropouts of longer durations.

In preparing the data, each array which could be processed in-

dependently - one second in the reproduce mode - was provided in

the GPDC a table of reference information. This table, generated by

the computer, contained information on data quality, time and point

of reception, and locations of service marks necessary for subsequent

processing. The table also includes information used for automatic

tuning of the programs for subsequent processing.

After performing these steps, the data were recorded on the GPDC

magnetic tapes in formalized form (Figure 3). This means that the

data on the GPDC magnetic /146

tape always has I the Data of single communication seance
standard structure, re- on GPDC manetic tape

gardless of possible I I I .... 1 -I

radiotelemetry system mag- Data of

netic tape structure de- single second ofl
communication seancel

viations as a consequence -

of various interferences, Reference] Telemetry frames
for example, because of information which have been

table ,restored in structure
dropout or the appearance Telemetry channels (words)

of redundant telemetry I I i I

words, dropout of data Localized dropout segments,
segments because of mag- marked by conventional dropout

netic tape breakages, code
and so on. The specific Figure 3. Structure of data on GPDC

and so on. The specific magnetic tape

characteristics of the
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given RTS (number of channels, location of service marks, number of

frames per second) are reflected only in the reference information

table.

Check of the quality of the data prepared for processing is ac-

complished uping the a priori known form of the value distribution

in the channels. Such channels were the RTS calibration channels and

all the channels with 8- and 16-level structure of possible values.

Additional analysis of the quality of the data prepared for process-

ing was performed on the basis of a check printout of the reference

information tables. All the steps of the preparation for processing

were performed on a Ural-1lB GPDCfusing the system developed at the

Institute of Space Studies for input and preparation for processing

of information recorded on RTS magnetic tapes. The time expenditures

in this system, called the "Artur" system, for input and preparation

for processing of the data obtained during the time of a single com-

munication seance (approximately 1.5 million telemetry words) amounted

to two hours of Ural-ll GPDC time, and one man-day, for preparation

of the initial data and analysis of the results obtained.

3. Systematization of Recording Materials

Selection of the seances for carrying out complete frame-by-

frame processing is made on the basis of several factor characteriz-

ing the seance and determined in the systematization stage. Such

factors were: recording quality, rate of satellite rotation around

its center of mass, orientation of axis of rotation in relation to /147
the axes of the scientific instruments, position of interchangeable

filter in the SEZ- 1 41 instrument, duration of satellite passage

through magnetic anomaly regions.

An information characteristic, a sample of which is shown in

Figure 4, was prepared for each seance.
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Begin End
Mo scow tim e , 1 st po in t /o rz l.o r nz

sec
No. sta. sec zI ' Recording quality 1I/

I/ . x c 1, 1 4 1 i I i ! I I

Filter position

Anomaly segments
I I'1111 I I I Il II IIi ll IIII I II I " i l lll I i l i l iif l l li( I [ ll[ [ I IIIII Il 11111 1J111111 I l ll ll l

Shadow and light

Navigation data availability

Figure 4. Information characteristic of seance:

5 - no loss E Graphite g. Anomaly segments -
j 4 - loss of 1 - 2 points rm Undetermined

3 - loss of 3 - 4 points position J Shadow
2 - loss of 4 or more points m Polyethylene ED Light
1 - complete loss n Without filter I• Information available

Em Navigation data not available
Eval. of sec from summary graphs

(Figure caption completed on following page)



Figure 4 (continued):

TM memory scan period General evaluation of Rotation nature
recording quality

Tmin - - 8.45 - - sec 1 2 3 4 5 Rotation from 3.5
period to 5.7 min

max - - 8.57 - - sec - good, no dropouts from 2.5 to 4.0
5 - good, no dropouts

T - - 8.51 - - sec 4 - small number of
_av dropouts, little

I = 600/n, where n is effect on results
number of scan points 3 - large number of Rotation type M

dropouts, con-between 10-min on-
siderable deteri- fast, 30

board ID timing marks oration of results fast <i30
(channel 401) points/period(channel 401) 2 - practially unsuit- M - slow, >1 30

able for process- points/period

ing x (index) --. axis of
1 - no information rotation close torotation close to

instrument longi-
tudinal axis

An evaluation of seance quality (Period of Hx sign

was made by the operator on the basis variation close to
rotation half period)

of the summary graphs. The number of

missing frames during discrete inter-

vals -one second of reception - was determined, and a local evalua-

tion of each second was made using a 5-point system (shown in graph

form). An overall evaluation of the seance was also made using the

5-point system.

Orbital segments, involving passage through an anomaly, were

determined from the increased count rate of individual parameters.

The approximate rate of rotation around the center of mass and the

position of the rotation axis were determined from the magnetometer

indication graphs.

Such a characteristic accompanied the output documentation of

each seance, and served as reference material for determining data

validity.
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4. Obtaining the Summary Recording

A special-purpose computer was used to re-record the telemetry

information from the RTS magnetic tape onto summary graphs. The sum-

mary graph may contain one, two, or four tracks, on which the infor-

mation from eight telemetry channels can be recorded. The general

arrangement of the summary graphs is determined prior to beginning

the summary re-recording. In so doing, the number of tracks on the

summary graph is selected with account for the required voltage

readout accuracy in each of the telemetry channels.

The requirements on timewise resolution determine the re-record-

ing tape drive speed. It is desirable to configure the graphs so

that the channels belonging .to a single measurement program will be

on the same summary graph. It is convenient to locate the channels

servicing events between which there is a simple logical connection

on the same summary graph. The necessity for calibration voltage

(0 Iand 100%) recording is indicated for each of the channels.

A sample summary graph is shown in Figure 5. It contains four

tracks, on each of which the information of a single telemetry chan-

nel is recorded. The channel number is located below the lower track

opposite the channel marker. Recording of the information of each

channel is accompanied by recording of the calibration voltages.

Numbered vertical marks are placed at the end of each information

reception section. Second marks of the Master Time Service are also

recorded on the graph.

The use of the special-purpose computer ensures high reliability /149

of the summary re-recording process. This makes it possible to use

the summary graphs to monitor each computer information processing

stage. The availability of the summary recording makes it possible

to process the information manually using simplified programs, and

make a rapid qualitative evalutation of the information.
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Figure 5. Scientific equipment parameter summary graph

5. Time Correlation of Information

Time correlation of the instrument indications obtained -

determination of the second measurement coordinate - had two purposes.

The first purpose was introduction of an arbitrary time scale

for numbering the measurements, in order to compare the indications

of the various channels with one another (relative scale). For exam-

ple, the generation of tables with the instrument indications was

carried out in arbitrary time units: seance number, second number,

frame number in given second. These units were determined by the

recording structure.

The second purpose was the use of an absolute time scale, for

example, Moscow time (date, hour, minute, second), for sequential

calculation of satellite location in orbit at the measurement times.
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Figure 6. Map of AES geodesic coordinates and flight
altitudes

This time was also calculated for each telemetry frame scan, and was

presented in the tables, together with the other navigational para-
meters.

Figure 6 shows a map of the geographical coordinates and satel-

lite flight altitudes with the arbitrary and absolute time scale

noted. The indications of the onboard timer, which generates a

marker signal each minute (or every 10 minutes), which is recorded by
the telemetry system, are used to convert from one scale to the other.

The timer indications are also recorded in the form of coded markers

in the direct data transmission mode, which makes it possible to

determine the time of their occurrence on the master time scale (MTS),
which is shown on all the ground-based recording materials.
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6. Voltage Scaling

Calibration tables, prepared for each recording seance (Figure

7), were used to convert the telemetry channel digital codes to step

numbers (level numbers).j

Groups of channels having the same a a

nature of their variation are formed on the 0 H IM om

basis of the known parameter distribution o C --

in the telemetry system channels. For each 36 i

group, we examine the code values in all e-

the channels in each scan frame and deter- J x

mine the number of measurements taking the

given code value. The resulting distribu-

tion functions are printed out, and from

them the operator specifies the "larger- Figure 7. "Tables"

smaller" tables for determining the level for determining level /151number
number. The code values which do not fit

into any of the specified tables are de-

fined as erroneous values. After conversion into level numbers, the

scientific instrument indications are formed into a new frame, where

4 binary units are assigned to each channel (0 - 7 is the level num-

ber, 8 is the error symbol).

7. Instrument Indication Output

Output of the instrument indications was accomplished in the

form of Ural-ll alphanumerical printer tables (Table 3), combined

into a bound volume. The tables contained information obtained at

various processing stages. Both the level numbers for each channel

and the number of parameter conversions per single scan period, which

is determined fromlthe level numbers, were generated.

The framewise data structure was maintained at all the process-

ing stages. Either the instrument indication or the absence of in-

formation - the dropout symbol - was indicated for each scan frame.
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TABLE 3. INDICATIONS OF SEZ-14 INSTRUMENT

o

Poin Level no. 1 -2 -3 -4 -5 -66' -7 c Logic events

012 012 012 . 012 012 01 0 - 1 23456789 6789 EC
1 3030522303021 000 000 000 010 000 00 0 0 00000000 0000
2 3030522303021 000 000 000 000 .,000 00 0 0 00000000 0000
3 3030522303021 000 000 000 000 000 00 0 0 00000000 0000
4 3030522303021 000 000 000 000 000 00 0 0 00000000 0000
5 3131532303021 '000 000 011 000 000 00 0 , O 00000000 1000 X
6 3131532303020 000 000 000 000 000 00 0 0 00000000 0000
7 3115546310020 000 000 000 011 000 00 0 0 111000000 1110 444 48
8 3115546310022 000 000 000 100 000 00 0 0 00000000 0000
9 3115F46310022 000 000 000 ' 000 000 00. 0 0 00000000 ,0000
10 3115546310022 000 000. 000 000 000 00 0 0 00000000 0000
11 3115546310022 000 000 000 000 000 00 0 0 00000000 0000
12 3115546310022 000 .000 000 000 000 00 0 0 .00000000 0000
13 3151556323022 000 000 000. 000 010 00 0 0 11100000 1000 054 46 .
14 3151556323022' 000 000 000 000 000 00 0 0 00000000 0000
15 3151556323022 000 000 000 000 000 00 0 0 00000000 0000
16 3151556323022 000 000 000 . 000 000 .00 0 0 00000000 0000
17 3151556323022 000 000 000 000 "000 00 0, 0 00000000 0000
18 3151556323022 000 000 . 000 000 000 00 0 0 00000000 0000

71-0052-14--I I sec 116

Poin .Logic------------Loi eventsPoint I Level no. -1, -2 -3 -4 -5 -6 -7 Logic EC

19 3151156323000 001 000 000 100 000 00 .0 0 00000000 0000 I
20 3151556323022 001 000 000 100 000 00 0 0 00000000 0000
21 3151556323022 000 000 000 000 000 00 0 0 00000000 .0000
22 3151556323022 000 000 000 000 000 00 0 0 00000000 0000
23 3171556323022 000 000 000 010 000 00 0 0 00000000 0000
24 3171556323022 000 000 . 000 000 000 00 0 0 00000000 0000
25 3171556323022 000 000 000 000 000 . 00 0'. 0 00000000 0000 x
26 3133564323022 000 000 000 000 011 00 0 0 00000001 1000
27 3171574303722 000 000 000 000 011 00 0 . O 00001110 1000 043 36
28 3150544303722 000 000 001 010 000 00 . 0 00000000 1000
29 3150544312722 000 000 . 000 .000 000 00 0 0 11000000 0000
30 3150544312722 000 000 000 000 000 00 0 0 00000000 0000
31 3150544312722 000 000. 000 000 000 00 0 0 00000000 0000
32 3150545312722 000 000 . 000. 000 000 00 0 0 00000000 0001
33 3150545312722. 000 000 . 000 000 000 00 0 0 00000000 0000
34 3150545312722 000 000 000 . 000 000 00 0 0 00000000 0000
"35 3150545312722. 000 000 000 000 000 00 0 .0 00000000 0000
36 3150545312722 000 000 000 , 000 000. 00 0 0 00000000 0000
37' 3170545312722 000 000 000 L 000 000 00 0 '0 00000000 0000



The dropouts are differentiated on the basis of the stage of their

appearance, for example:

1) structural dropouts of telemetry recording, detected by the

"Artur" input system, usually framewise or secondwise;

2) frequent channelwise dropouts, detected upon conversion to

level numbers using the given tables;

3) other dropouts, detected by checking the instrument counting

circuit triggering logic.

The data output was accomplished without omission of the dropout

segments. Although this increased the printout volume, it also faci-

litated considerably the data readout and search, since it permitted

considering the vertical table measurement directly as a time scale.

8. Processing of Scientific Instrument Indications

With Account for Orientation

The availability of the navigational data makes it possible to

break the entire experiment time down into segments corresponding to

different measurement conditions. In this case, the measurement /154

conditions for different event forms will be characterized by different i

sets of navigation parameters. For example, the zenith angle will be

of essential importance for instruments having recording directivity,

but will not enter into the measurement condition characteristic for

the instruments not having directivity: the direction of the axis in

the absolute coordinate system is essential for instruments record-

ing the electromagnetic radiation, but is not important for instru-

ments recording charged particles, etc.

Knowledge of the measurement conditions in each telemetry scan

frame makes it possible to find the dependence of the characteristics

of the events being recorded on each of these conditions. In order

to construct these relations, it is necessary to take various samples
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from the scientific information processing results. We first formu-

late tables of the time intervals, characterized by the required

navigational parameter values. Table 4 is presented as an example.

It contains, for several seconds of the seance, a listing of the num-

bers of the telemetry scan frames in which the values of the zenith

angle a and magnetic rigidity P lie in the specified intervals.

Then we calculate the number of events, for which me must find

the dependence on the indicated parameters in the scan frames, char-

acterized by the given values al+ Aa and P + AP. We determine the

average event rate and the mean-square error. The set of such values

for different values of a and P makes it possible to construct the

dependence of the various event rates on the zenith angle and mag-

netic reigidity. Sampling with respect to the other navigational

parameters is performed similarly.

We should point out that the operation described above is pos-

sible only when the variation of the navigation parameter value dur-

ing the telemetry scan frame is noticeably less than the magnitude

of the selected parameter value interval. This leads to a situation

in which part of the measurement time, characterized by high satel-

lite rotation rates around the center of mass, is not suitable for

processing the scientific equipment indications with account for

orientation.

The availability of the navigation data was of decisive import-

ance in processing several measurement programs. For example, ac-

quiring information on the primary gamma quanta fluxes using the GG-1

instrument was impossible, in principle, without knowledge of the in-

strument axis orientation. The results obtained when processing the

scientific information, together with the navigation data, are

presented.in [5 - 13].
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TABLE 4. PROTON 2. MEASUREMENT SEANCE ON

44th ORBIT. INTERVAL P = 6 - 10 BV

Interval(a° 
o  D C o

0-20 20-40 40-60 60-80 - 100

No. seck \ 0 -

71 .3,4 39-421

72 I I 11-151 32,33

79 24-32 8-131

80 35-37 0-12

81 21,22 19,20 16-1. 14,15 9113

82 4-5 1 -3- 8-9 10-11 13-14
6-7

87 28,29 10-14
30-33

94 19-27 14-18
S28-38

95 I I 21,22 15-20 43

102 - 11-151 3-10 1

109 1 I I 9I -25-33

110 8-9 1-7

113 2-4 5-6 1

117 7-27 '
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9. Processing of Scientific Equipment Indica-

tions Without Account for Orientation

Processing of the scientific information with account for orien-

tation can be accomplished only for that portion of the flight time

which satisfies the requirements of low satellite rotation velocities

and good quality of the magnetometer information. Hence follows the

requirement for having measurement programs and processing methods /156

which permit obtaining results without knowledge of the instrument

orientation. For this purpose, either the recorded parameters must

be insensitive to instrument orientation, or the processing must be

performed over sufficiently long measurement times to ensure good

averaging of the measurement conditions. The first of these require-

ments is satisfied by the measurement programs using nondirectional

instruments, for example, the program for measuring the all-particle en-

ergyl spectrum using the SEZ- 1 4 instrument calorimeter. An example of slatis- I

faction of the second condition is processing of the primary cosmic

ray proton spectrum measurement using the SEZ-14 instrument. The

instrument records protons directionally, and the proton count rate

depends on the degree of instrument aperture shading by the Earth,

but, as a consequence of random satellite rotation, for long measure-

ment times we can use an average shading coefficient equal to w/47,

where w is the average shadow cone solid angle.

Processing without account for orientation does not require

knowledge of the number of events in each scan frame; therefore, in

processing scientific information, it is sufficient, as a rule, to

know the number of events per machine second (42 - 43 scan frames).

Such processing, not requiring exact correlation of the information

with the scan frame number, can be performed manually using the sum-

mary graphs. In the automated processing case, the sums of the

events per second are generated at the end of each machine second.

In the case of processing without knowing the orientation, it

is still possible to determine roughly the event count rate depend-

ence on instrument orientation. To this end, we utilize information
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having very clear-cut dependence on the orientation. An example is

the recording of high-energy protons by the SEZ-14 instrument with

directional detector aboard the Proton 3 AES. Figure 8 shows the

counting rate of such events as a function of time. The ordinate is

the number of events per machine second, the abscissa is the machine /157

second number. The observed modulation is caused by instrument aper-

ture shading by the Earth. Seconds with zero number of counts cor-

respond to practially complete shading of the aperture. The maxima

located between the

segments with zero "

count rate correspond PJ/ZZ,,DD EC Seance in orbit

to the absence of I 145

shading. It is pos- .

sible to compile a 0

listing of seconds

with zero and com-

plete shading, and use 96 fi lo w /o Machine
sec no.

this listing to 
pro-

Figure 8. Count rate as function of
cess various measure- time
ment programs.

Recording of the charged particles with minimal energy 100 -

400 MeV by the SEZ-1 (Proton 2) and DD (Proton 3) instruments made

it possible to break measurement time down roughly into segments

corresponding to the different geomagnetic latitudes. This then i

permitted conlstruction of curves of various event count rates as

functions of geomagnetic latitude.|

III. Processing Magnetometer Information and

Determining Orientation of "Proton"

Satellite

Interpretation of the indications of the scientific equipment

installed aboard the Proton satellite requires knowledge of instru-

ment orientation in space, the angles which the instrument axes make

with the direction to the Earth, and with the Earth's magnetic field

intensity vector. For their calculation, it is sufficient to know
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the position of the coordinate system fixed with the satellite (and

in which the position of the instrument axes is known) relative to

the coordinate system in which the physical quantities of interest

to us are calculated.

Finding the relative position of these coordinate systems is the

task of satellite orientation determination. The indications of

magnetometers installed aboard the satellite are used in determining

AES rotation and orientation. Since the measurements are made with

errors, the statistical approach is the natural one for determination

of satellite orientation and rotation. Moreover, the measurement

information available at each fixed moment of time does not permit

determining satellite orientation; therefore, it is necessary to use

additional information on the nature of AES rotation around its cen-

ter of mass, i.e., the mathematical model of the motion, containing

the unknown parameters, is specified. Then the problem of rotation

and orientation determination reduces to finding the unknown para-

meters from the available information.

The mathematical model of the motion was taken in differential

equation form. In this case, the unknown parameters are the initial

values. They were determined by the least squares method. The tech-

nique for determining artificial satellite orientation using a given

system of measurements was presented in detail in [14, 15]. The /158

results of application of this technique to the Proton 2 satellite

are described in [16]. Individual aspects of the problem are also

discussed in [17]. The experimentally determined dynamic effects in

Proton 2 satellite rotation and orientation are analyzed in [18, 19].

This analysis made it possible to draw definite conclusions on the

nature of the interaction of the aerodynamic flow with the satellite.

Several questions discussed in [14 - 19] are described in more detail

in the collection of papers [20].

1. Problem Formulation

We introduce three coordinate systems:
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1) the absolute geocentric coordinate system with X axis, di-

rected toward the vernal equinox point, the Z axis directed along the

Earth's rotation axis, and the Y axis completing the right hand

system;

2) the Koenig axis system with origin at the satellite center of

mass,thelaxes are colinear to the axes of the preceding system;

3) the body coordinate system with origin at the satellite cen-

ter of mass and axes directed along its principal central axes of

inertia.

We examine the vehicle center-of-mass motion in the absolute

coordinate system, which is completely defined by its radius vector

R(X, Y,Z) and velocity vector V(V, Vy, Vz) , and the satellite motion

around its center of mass, which is the rotation of the body coordi-

nate system relative to the Koenig system. We shall describe the

motion around the center of mass by the kinetic moment vector

L(LI,L 2,L,)/in the Koenig axis system and the Rodrigues-Hamilton para-

meters X0, 1, X ,X3,.

It is assumed that the center-of-mass motion is known, and is

independent of the motion around the center of mass. We examine only

those segments ofithe satellite center-of-mass motion trajectory on

which the disturbing moments of the external forces are small and

have no significant effect on the motion around the center of mass.

Analysis of the distrubances acting on the Proton satellite showed

that only small vicinities of the perigee, where the aerodynamic

moment influence is large, do not belong to such segments. Then the

motion around the center of mass is described by the system of dif-

ferential equations:

dL
dt O (1.1)

dI 1 d o  1
dt - 2 'h dt _ (1.2)
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where o = mA-mL is the angular velocity vector, A -1 is a diagonal

matrix of dimension 3 x 3 with elements 1/A, 1/B, 1/Ci (A, B, Cl

are the principal central moments of inertia), X= {X1 , x,X};

2 2 X 2

m 2 X0X3 + V2k) + 2 - 3- 2 (X)I± + VO
2(2oX2 + I 3) 2(- XX + + +-0- X2 )

is the conversion matrix from the Koenig axes to the body coordinate /159

system; m' is the transposed matrix.

The choice of components of the kinetic moment vector L and the

Rodrigues-Hamilton parameters as the variables characterizing the

motion is explained by the fact that they permit avoiding the singu-

larity characteristic of the angular variables. The system of equa-

tions of motion written in these variables, while having the same

simplicity as the Poisson equation system (containing only algebraic

operations), at the same time has lower order, which is essential

for processing tasks.

Since the System (1.1) - (1.2) is known, the motion around the

center of mass is determined uniquely by specifying the initial

values L?, L2, L3, X1, X2, X3 at the moment of time t O . It is known that

the Rodrigues-Hamilton parameters are connected by the relation

3

i=0

which is used to find

10= 1 - 2 _ ~02

We denote the ensemble of these parameters by

Q {QI = {Lj, X10,
(j=1, 2, 3; r=1, 2, 3; k= 1,...,6).

Then the problem of finding the motion around the center of mass re-

duces to finding the unknown Q-parameters. For its solution at the
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moment of time ti, we measure the functions ,i of the motion para-

meters Qk
, = ,i (L (Q), X (Q, t,)).

We denote the measured values of the functions i by i".

2. Solution Method

Assuming that the measurement errors are random, we use the

least squares method to solve the posed problem. In accord with this

method, the parameters Q are determined from the condition of mini-

mum of the function

Q - - (2.1)

where -i(Q)_ ¢i I are the discrepancies, and a2 - the variance /160

of the measurement errors. The sought parameters Q, for which the

minimum of D (Q) is reached, must satisfy the system of nonlinear

equations

N2 0 (2.2)

The solution of (2.2) is made by the iteration method: starting

from the known zero approximation Q, we construct the successive

approximation algorithm Q(s)=Q(s-)+- 6Q(s)I (S is the iteration number),

which is a modification of the algorithm described in [21]. In each

iteration, we calculate the "Newtonian" corrections 6QH, satisfying

the system of normal equations:

A(S- )6Q (s = BB(s- 1)
A(S-I) - I )J II B2 1

1k ( -02 a, a,, (2.3)

=1 aQ209
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We shall consider a measurement set such that the problem has

a unique solution. Then we find from (2.3), sQ=--A(s-)I1-S-, since

det A(S-l'-o. We seek the correction 6Q(S) in the form 6Q) =a,,' ,6Q),, where

as is the iteration step, subject to determination. To ensure mono-

tonic convergence of the process, we must select as in optimal

fashion.

The algorithm for selecting as is based on approximating the

function O(as)Ibeing minimized along the direction 6QL by a cubic

parabola in a

The zero approximation Q0 to the values of the sought parameters,

which is necessary for the iteration process, is found with the aid

of the algorithm described in [15].

In order to form the normal Equations (2.3), it is necessary to

know at the measurement time t. the calculated values of the func-
1

tions , [L(Q),1(Q), 0 (Q)I being measured, and the derivatives of the

calculated values of the measurements with respect to the parameters

being determined d%/dQh.! The derivatives are calculated from the

formula

_aQ_ 3 L OdI dp Q Or
t=t r=o (2.4)

where dL,/dLt I and d/ldX1 can be calculated explicitly, since the form

of the function j,(L,1,X 0) is known.

The quantities L-, l and derivatives aLdQh, 8arlaQh Inecessary for cal-I

culating i and dpd,/dQh are found as a result of combined integration /161

ofj Equations (1.1) and (1.2), and the corresponding system of varia-

tional equations, which may be written as follows:

dD=DP, 
(2.5)

where D is the matrix of derivatives of the variables L,l,,0 with re-

spect to the parameters Qk of dimension nx 7; P is the matrix of
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derivatives of the right sides of (1.1) - (1.2) with respect to the

variables L, I, ol of dimension 7 x 7.

3. Magnetometric Information and Its

Characteristics, Quality Analysis

Three-component magnetometers from which indications are taken

at the successive moments of time t. of the projections of the
1

Earth's magnetic field intensity vector along the magnetometer axes,

rigidly connected with the satellite, are installed aboard the Proton

satellites in order to determine the orientation. In this case, we

took the following as the measured functions i:

S= (m (Qh, t) H (t,), l,), ( 3.1)

where H (ti ) is the vector of the Earth's magnetic field intensity

at the moment t. in the absolute coordinate system, lil is the unit
1

vector directed along the magnetometer axis corresponding to the

measurement being made.

In order to calculate the vector HI (ti), we used its expansion /162

into a series of Legendre functions [221]. The coefficients of the

expansion were taken

from [23]. The vehicle a

coordinates necessary °. a 3 a 3

for determining H (ti ) 0oo1 9 o 8 ooo 0 o oo
oo o oo o o

were calculated using b

the formulas presented

in [21]. oo 0
0 00.o -o. o o

Specimens of the , ....

magnetometer indica-

tions, specifically the .

record of the positive ' ' l Ntmini

component along the

Figure 9. Specimens of magnetograms
longitudinal axis from Proton 2 satellite
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(+ Hx) of the Proton 2 satellite, are shown in Figure 9, and corre-

spond to the characteristic regimes of satellite rotation around its

center of mass. Figure 9c corresponds to a regime close to vehicle

spinlaround the longitudinal axis. Figure 9a corresponds to a re-

gime close to spin about the transverse axis. In case 9a, the angu-

lar velocity of rotation is considerably larger than in case 9b,

which is intermediate between 9a and 9c. The reliability of orienta-

tion determination algorithm operation and the accuracy of the re-

sults obtained depend significantly on the quality of the raw infor-

mation, on the form and magnitude of the errors present in this

information.

The quality of the magnetometric information was checked by

comparing the modulus of the calculated and measured Earth's magnetic

field intensity vector, which made it possible to determine the er-

rors in time correlation of the information and find the dropout

segments.

4. Results of Proton 2 Satellite Orientation

Determination

Mass processing of the information on Proton satellite orienta-

tion was performed using the described technique at SOMI of the

Academy of Sciences of the USSR (A. F. Sidorov, I. A. Buterina, S. A.

Sarapkina). The processing results are navigational data tables.

For the Proton 2 satellite, these tables contained: time to

which the navigation data are referred; two angles (a, p) defining

instrument axis position in the coordinate system fixed with the

local vertical; number of the instrument axis location zone as a

function of the angle a (the entire range of values of the angle a

of the instrument with the local vertical is broken down into several

zones); two angles defining instrument axis position in the abso-

lute coordinate system; two angles defining the instrument axis in

position in the coordinate system fixed with the magnetic force line;

the magnetic rigidity PH' which depends on orientation; orbital data:
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satellite latitude and longitude; and Earth's magnetic field inten-

sity (Tables 5 and 6).

TABLE 5. NAVIGATION DATA AS FUNCTION OF
SCAN POINTS

Dump 113 sec 102

bo r-
0 0

0 o -c) rd 0 H
o • o oO " -e w o 

(1 ) 0 .H

O O *H o d o
P a4S b W

+++01 2-01131021021 2-0113102 03 2-0113102 04 2-0113102 05 2-011 102
+++04 01 180549103 426-30299 01 189060294 00 118-67321 04 2235 297
+++04 02 180557103 424-30299 011154065289 00 121-70328 04 2224 292
+++04 03 18160503 422-33299 01 131060286 00 126-72342 04 2214 289
++ 04 04 180614103 420-33299 011129073284 00 131-70354 04 2204 289

+++04 05 180622 03 417-32300 011151078286 00 136-65358 04 2195 293
+++05 06 180631 03 415-32300 011196080290 00 138-60355 04 2186 300
+++05 07 18063903 413-30300 011258082295 00 137-57348 04 2178 308
+++05 08 180648103 411-30301 011316080300 00 133-55339 04 .2171 311
++±04 09 180656103 409-30301 01 346075302 00 129-56329 04 2163 310
+++04 10 181704103 407-30301 01 333070302 00 126-60321 04 2157 305
++04 1 180713103 404-29302 011285066297 00 125-65316 04 2151 299
++04 12 18072103 402-29302 01 228066291 00 128-70319 04 2145 292
+++04 13 180730103 400-29302 011186069285 00 133-70335 04 2140 286
±++ 04 14. 180738103 398-24302 011174075283 00 140-72355 04 2135 285
+ 05 15 180747 03 396-24303 01 199080284 00 147-67002 04 2131 290
++ 05 16 180755103 394-27303 01 258086289 00 150-60359 04 2128 301
+ 05 17 18080403 391-27303 01343087295 00 148-56351 04 2125 312
+++05 18 18081203 389-26303 01 427080301 00 143-50341 04 2122 317
+±04 19 180820103 387-26304 011471078304 00 138-55330 04 2120 315
+++04 20 180829103 385-25304 011450073303 00 134-54321 04 2119 308
+++04 21 180837103 383-25304 011381069298 00 134--60315 04 2118 300
+++04 22 180846103 381-20305 011306068291 00 137-70317 04 2117 291
+++04 23 180854 03 378-20305 01 254072286 00 143-74332 04 2117 285
+++04 24 180903103 376-23305 01 240078283 00 150-73353 04 2118 283
+++05 25 180911 03 374-23305 01 267080285 00 157-68001 04 2119 290
+++05 26 180920103 372-20306 01 333089280 00 159-60359 04 2120 306
+++05 27 180928103 370-22306 01 424090295 00 157-57352 04 2122 320
+++05 28 1809361031 368-20306 01 513087300 00 152-55342 04 2124 324
+++05 29 1809451 03 365-20306 01 561083303 00 148-56333 04 2127 320
+++04 30 180953103 363-20307 01 546078302 00 145-50324 04 2131 313
+++04 31 1820021031 361-20307 01 483070298 00 146-3319 04 2134 304
+++04 32 1820101031 359-18307 01 410070293 00 149-68320 04 2139 296

As an example, Figure 10 shows the values obtained for PH and

the angles a and i on the 5 2nd orbit of the Proton 2 satellite.

Table 7 and Figure 11 given an idea of the orientation determination

accuracy [20]. The notations in Table 7 and Figure 11 are: P is

the confidence level (with probability no less than Pa, the error in

determining the parameters does not exceed the values shown in Table
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TABLE 6. NOTATIONS IN NAVIGATION DATA TABLES

Measurement time Instrument orientation in space Physical parameters

Instrument axis
No. orbit in a Angle of instru- Value of magnetic field in-
which stored ment longitudinal c tensity is determined from
information axis with verti- t. geomagnetic field data
was repro- cal (with direc- C IZMIRAN for 1964
duced tion from center : .U

of Earth), 0-1800 Ci
sec No. of repro- o Angle between //C

duction sec- projections of in- 7
ond interval strument longi-

tudinal axis on horizontal plane
and direction to the East, 0 -
3600

Point Sequential Zone Zones of instru- Vertical Geomagnetic cutoff thresh-
no. no. of scan no. ment axis posi- i old rigidity is calculated

point in tion with respect ' , '. with account for vehicle
given second to angle ," morientation, geographic
interval 1-0o-42 5- 800-1150 position, and altitude from

2-420-53° 
6-115°-138c f I 2

3-530-64o 7-1380-154o the formula H=
4-640-o80 8-1540-1800 , c ,jwhere r is satellite dis-

SH tance from center of Earth,
Time, Measurement 0o Angles deter- z referred to Earth's radius;
hr, time mining position ~ o, magnetic rigidity at
min, (Moscow) of instrument surface of Earth in direc-
sec longitudinal axis tion of axis (for given an-

in absolute co- 4. C gles a, i) at geomagnetic
ordinate system I, latitude cm. is determined
+ 900) from

- P:0 = P0 vert =
AES position in Direction to vernal

oo 0  - 360p 4 {1 + (1 - sin a cos i coss -2,orbit equinox point 4 -in

(Figure continued on following page)



TABLE 6. (continued)

Measurement time Instrument orientation in space Physical parameters

H, km Satellite where P vert' magnetic
ht. above vert
Earth's rigidity along the vertical
surface at Earth's surface, is

found from the Qwenby-Wenk
XO Angle between ," tables; 4m the geomagnetic

deg direction of
instrument axis O latitude is calculated from

East
and magnetic cos m =
force line, = 1~j(sinqcosIo_
o - 18o °  R2 oi

s L - cos q sin * sin 11) ,

where *=-21 and R=--O,00499+
+r.0,1413(cos(p.sin ,.cosll--sin4p

. Xsin ll)

A, Geographic 0o Angle between projection of instru-
deg longitude ment axis on plane perpendicular

0 - 3600 to the magnetic field intensity
vector and line of intersection of
this plane with horizontal plane,
0 - 3600



TABLE 7. ACCURACY OF ANGLE A AND ANGULAR
VELOCITY Aw/w DETERMINATION*

T = 10 min T = 15 - 20 min,
or more

Poor Typical Poor Typical
informa- informa- informa- informa-

tion tion tion tion
+ = o* Cf* a*
H H H H
3500 1850 3800 2200

gamma gamma gamma gamma

SP, =0,99 A--15 0  A 30 A50 A-30
SA/olo-0,5% Aw/o-0,3% A/olo-0,2% A/-O0,1

P = 0,95 A-5 0  A-3 A-2 0  , A<10

I Ao/o-0,4% Aco/o-0,2% A)/o-0,1% Aw/w-0,05%

Translator's note: Commas represent decimal
points.

l ea,pdegj -

o e' dmnaz,deg

"0 - , , , , , , ,

I' zvo IOO8 I50/ 26. s e7c
Af A r /Y Z/ J 6/ /.7 /_7 / - I set

Figure 10. Variations of navigation para- Figure 11. Accuracy
meters (from data of statistical process- of orientation deter-

ing of Proton 2 satellite information) mination as function
of processed interval

One division along abscissa axis corre-
sponds to time interval 6.2 minutes length

7), A is the angle determination error; Aw/w is the relative angular

velocity determination error; aO is the mean-square measurement

error; T is the duration of the flight segment from which the simul-

taneously processed information was taken. Most typical are the /163

numbers in the last column of Table 7. The accuracy improves with

increase of the processed interval length.
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kgf-mfsecl Y "

. " / I °

Figure 12. Variation of Proton 2
satellite kinetic moment vector

modulus L and rotation energy h Figure 13. Trajectory of
from statistical processing data Proton 2 satellite kineticProton 2 satellite kinetic

moment vector in space (from
statistical processing data)

Some results of determination

of the orientation and rotation of

the Proton 2 satellite in the first few dozen orbits are shown in

Figure 12 and 13. These results make it possible to represent com-

pletely the nature of Proton 2 satellite rotation evolution during

the indicated time interval. In Figure 12, the abscissa is the num-

ber N of orbits, the ordinate is the magnitude of the kinetic moment

L and the dimensionless kinetic energy h of rotation of the Proton

2 satellite. We observe deep long-period modulation of these quanti-

ties. L varies from 115 kgf - m * sec to a 10 - 20 kgf * m * sec, /164

i.e., by a factor of 5 - 10. The quantity L determines the angular

velocity of rotation, which, therefore, also changes several fold.

The quantity il determines the satellite rotation regime. For h 1.3

"tumbling" (rotation around the transverse axis) of the satellite

takes place. This stage lasts for several dozen orbits; the angular

velocity (or L) is maximal in this case. Then there is rapid (4 - 5

orbits) transition to the axial rotation regime (h % 0) (at the mid-

point of the transition segment the angular velocity is minimal);

the satellite travels for several dozen orbits in the axial rotation

regime (h % 0), again with maximal angular velocity, and then again

transitions rapidly to the tumbling regime, and so on. Synchronously /165

with these long-period oscillations, there is also long-period change
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of the position of the kinetic moment vector L in space (Figure 13).

The figure shows the trajectory of L in space with orbit numbers

along the trajectory; p is the angular distance of L from the North

Pole of the world; a is the latitude of L, measured from the vernal

equinox point (a* = 00). We see that L describes loops with broad /166

amplitude (loop span is % 1800), and periodically passes in the vici-

nity of the world poles (alternately through the North and South

Poles).

5. Dynamic Analysis of Proton Satellite Rotation

and Orientation Evolution. Evaluation of

Nature of Interaction of Aerodynamic Flow

with the Satellite

The experimentally discovered evolutionary effects in the motion

of the Proton 2 satellite around its center of mass have a specific,

previously unstudied nature. It was shown in [20 - 22] that these

effects are caused by the aerodynamic flow influence on the solar

battery paddles mounted skew-symmetrically on the satellite. A pro-

pellering aerodynamic moment is created, which spins the satellite

like the windmill arms. In combination with the satellite orienta-

tion change relative to this flow, this creates the discovered long-

period angular velocity modulations and nature of the rotation (axial

spin or tumbling). Torques of any other nature cannot create such

effects in the evolution of satellite motion around its center of

mass [24]. Therefore, the observed propellering effects are easily

distinguished from other effects.

On the other hand, it was found [19] that the propellering

effects are sensitive to the nature of stream molecule reflection

from the satellite surface. This makes it possible to evaluate the

nature of molecular reflection on the basis of experimental data on

Proton 2 satellite motion evolution around its]center of mass. To

date, very little is known concerning the real nature of molecular

flow interaction with a satellite under cosmic conditions, yet the

entire aerodynamics of the satellite depend on this interaction.
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Therefore, determination of the reflection parameters is of con-

siderable interest.

It was suggested in [19] that the reflection is purely diffu-

sive with symmetric (relative to the normal to an elementary area)

molecular scattering diagram. Then ambiguity in the nature of the

reflection reduces to ignorance of only a single parameter - the

probability mean reflection velocity Cr . It was shown that the ex-

perimental data on Proton 2 satellite orientation evolution lead to

-2
the value Cr - 70 m/sec, or C /v 10 - 2 , where v is the incident flow

velocity. Thus, the nature of the reflection was very close to ab-

solutely inelastic impact. However, this conclusion is subject to

refinement by introducing more complex molecule scattering models.

The described technique makes it possible to determine reliably

and with adequate accuracy the orientation of artificial satellites

for different types of motion. The technique works even in the case

of low accuracy and incomplete information measurement complex, and

also with a poor zero approximation. This indicates high reliability

of the method. The technique is quite universal, and is applicable

for determining the orientation of a broad class of satellites. It

makes it possible to predict motion with definite accuracy on seg-

ments without instrumental information, and also makes it possible

to determine the disturbances acting on the satellite. Processing

by this technique of information from the Proton 2 satellite (more

than 200 flight time orbits) made it possible to generate the series

of navigation data for interpreting the indications of the scienti-

fic equipment installed aboard the satellite, and also made it pos-

sible to discover new dynamic effects in satellite orientation

evolution and draw definite conclusions on the nature of aerodynamic

flow interaction with the satellite.
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Conclusion

The described techniques for processing Proton AES scientific

information made it possible to automate the data reduction process

to a considerable degree and obtain the scientific measurements

results rapidly.

The systematic development of the described system took place

in 1965 - 1968, practically simultaneously with the data reduction.

The introduction of computer programs was carried out gradually, as

the algorithms were worked out. Thus, in the initial stage, the

Ural-ll general-purpose computer was used only for logic processing

and generation of the instrument indications. Data input to the

general-purpose computer was accomplished using punched cards, pre-

pared manually from intermediate materials obtained from the special-

purpose computers. By the time automatic data input development was

completed, the programs for logic processing of the instrument indi-

cations had already been tested repeatedly on a large number of

seances, and the only thing required was to mate them with the input

program.

The described technique can be used for processing the scienti-

fic information of other space vehicles. In so doing, it is neces-

sary to consider that the processing system preparation process is

very tedious, and preparation must be initiated as early as possible,

no later than the satellite production design stage. The design of

the scientific measurements aboard satellites must take into con-

sideration the possibility of automated information processing.

The development of optimal facilities for compressing and selecting

scientific information on board satellites is an urgent problem at

the present time.
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Abstracts

UDC 537.5911

Prospects for Studying High-Energy Cosmic Ray Particles Aboard Heavy /170
AES. N. L. Grigorov.

We examine the fundamental questions of the technique for study-

ing superhigh-energy cosmic ray particles (energy interval 10 -

1015 eV) and show that such particles can be observed and studied by
direct methods with satisfactory statistical validity only beyond the
limits of the Earth's atmosphere, using heavy artificial Earth satel-
lites. With the aid of results obtained aboard the Proton 1, 2, 3
AES, we examine specific problems of high-energy particle physics and
cosmic ray physics. We discuss some ways to study experimentally
the subject problems using heavy AES.

UDC 537.591

Measurement of Effective Inelastic Interaction Sections of Proton
with Carbon and Hydrogen Nuclei in the Energy Interval 20 - 600 GeV
Aboard Proton 1, 2, 3 Space Stations. N. L. Grigorov, V. Ye. Nes-
terov, I. D. Rapoport, I. A. Savenko and G. A. Skuridin.

The values of ain in the energy interval 20 - 600 GeV have
p-C

been measured aboard the Proton 1, 2, 3 AES utilizing primary cosmic

ray protons with accuracy from 2 to 4.5%. The measured ain value
p-C

increases by 20 + 5% with energy increase from 20 to 200 GeV. The
in

values of in are obtained with errors from 8 to 20% by a difference
p-p

method using polyethylene and carbon targets. The resulting energy
in

dependence of a does not contradict the same section growth ob-
S inP-P

tained for p-C in the same energy interval. Analysis of the various
p-C
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systematic and physical effects influencing the measured section
magnitude showed that these effects cannot explain the observed
section increase.

UDC 537.591

Energetic Distribution of Primary Cosmic Ray Particles in the 1010
14

10 Energy Interval Measured Aboard Proton 1, 2, 3, Space Stations.
N. L. Grigorov, V. Ye. Nesterov, I. D. Rapoport, I. A. Savenko and
G. A. Skuridin.

The energy spectrum of all primary cosmic ray particles in the

energy interval 10 - 1014 eV, and the energy spectrum of protons in

the energy interval 1014 - 101 eV, have been measured aboard the
Proton 1i, 2, 3 AES. The measured all-particle spectrum is a power-
law spectrum over the entire energy interval. The proton energy spec-

trum becomes steeper at energies of 1012 - 1013 eV. The calculated
nucleon spectra at various atmospheric depths based on the primary
cosmic ray spectra obtained aboard the Proton AES agree with the
gamma-ray, neutron, and nuclear-active particle spectra measured at
the same atmospheric depths.

UDC 537.591

Apparatus for Studying Cosmic Rays Aboard the Proton 4 Scientific
Station. N. L. Grigorov, I. D. Rapoport, I. A. Savenko, L. F. Kalin-
kin and G. P. Kakhidze.

A detailed systematic description is given of an experiment
studying high-energy primary cosmic radiation undertaken aboard the
Proton 4 scientific space station. The instrument for recording par-

ticles with energies 10 1 1 eV contained an ionization calorimeter
with lead and iron absorber with overall thickness equal to about 7.5
nuclear interaction ranges, two large-area Cherenkov detectors for
determining particle charges, carbon and polyethylene targets, and a
nuclear interaction detector. With the aid of this equipment, we

studied the energy and charge spectra of particles up to 1015 eV and
measured the effective inelastic interaction section of protons with
light and heavy nuclei. Two other instruments were used to record
the electron component and seek fractionally charged particles.

224



UDC 537.591

Calibration of the SEZ-14 Instrument Installed Aboard Proton 1, 2, 3
Cosmic Stations on ITEP [Institute of Theoretical and Experimental

Physics] Synchrotron. V. V. Akimov, B. S. Borisov, G. V. Veselova,
L. L. Gol'din, L. N. Kondrat'yev, V. Ye. Nesterov, I. D. Rapoport
N. G. Ryabova and G. K. Tumanov.

Results are presented of calibration of the SEZ-14 instrument /171
in in

used aboard the Proton AES for measuring p and i at energies

20 - 600 GeV, and also for measuring the primary cosmic ray energy

spectra on the ITEP synchrotron at proton energy 5 GeV. With proton

entry into the instrument from the "exit window" side at energy 5

GeV, the measured value of in = 204 + 6 mb, which is 8 + 6% less
in p-C

than the in value measured at energy 21.5 GeV on a particle accel-
p-C

erator. With entry of the protons into the instrument from the op-
posite side, the measured section becomes 167 + 10 mb, i.e., the
value decreases by 18%. In this case, the counting rate decreases

by a factor of four. On the basis of the data obtained, we can con-

clude that when measuring Gin aboard a satellite at energy 5 GeV,
p-C

particle entry into the instrument from the back would reduce the
measured section by 4% in comparison with the value measured for

particle entry from the "entrance window" side.

UDC 537.591

Study of High-Energy Electrons in Near-Earth Cosmic Space Aboard
Proton 1 and 2 AES. N. L. Grigorov, L. F. Kalinkin, E. I. Kogan-
Laskina and I. A. Savenko.

Results are presented of measurements of the electron energy

spectrum in the energy interval 20 MeV to 5 GeV and the distribution
with respect to zenith angle of electrons with energies above 500
MeV, performed aboard the Proton 2 scientific space station. The
data of several studies of properties of the "excess radiation" ob-

served in the stratosphere and at heights of 102 - 10 km are analyzed.
From the ensemble of results obtained by various authors in experi-
ments involving balloon and satellite flights, we can conclude that

there are significant fluxes of electrons with energies 10 - 103 MeV
in the "excess radiation" composition in near-Earth cosmic space.
The natural source of such electrons may be "albedo" particles which
arise in the matter of the atmosphere under the influence of the
primary cosmic rays. The large variations in time of the high-energy
electron fluxes observed in the stratosphere may be considered

Translator's note: Inadvertently given in foreign text as "SEZ-4".
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confirmation of the hypothesis of capture and relatively long-term

retention of these particles by the Earth's magnetic field, which

had been proposed earlier on the basis of measurements aboard the
Proton 1 and 2 AES.

UDC 537.591

Study of High-Energy Electrons in the Stratosphere. V. A. Bezus,
A. M. Gal'per, N. L. Grigorov, V. V. Dmitrenko, L. F. Kalinkin, V. G.

Kirillov-Ugryumov, B. I. Luchkov, A. S. Melioranskiy, I. A. Savenko
and E. M. Shermanzon.

Results are presented of an experimental study of the intensity
and energy spectra of the direct (toward the Earth) and albedo (away

from the Earth) electrons with energy more than 100 MeV at various

heights in the atmosphere. The measurements were made at geomagnetic

latitude 460 N, where the cutoff rigidity is 3.5 GeV/c. The experi-
ment was conducted during 1967 - 1968 aboard high-altitude balloons

using an instrument with multilayer spark chamber. Large variations

(by a factor of 2 - 3) of the direct electron flux which correlate
with the state of the Earth's magnetosphere were discovered at small

2
depths in the atmosphere (h e 50 g/cm2). The effect is explained on
the basis of the assumption of the existence in the Earth's magneto-
sphere of trapped electrons with energy more than 100 MeV, which
"spill out" during disturbances of the magnetic field. The intensity
of the "spilling" electron flux in the energy interval 100 - 1500 MeV

is (6.2 + 0.8) 10 - 2 (cm 2  sec sr)- 1. The exponent of the "spill-
ing" flux is differential energy spectrum 1.56 + 0.22.

UDC 537.591

Study of Chemical Composition and Energy Spectra of Galactic Cosmic
Rays Aboard AES. N. L. Grigorov, N. N. Volodichev, I. A. Savenko
and A. A. Suslov.

Results of flux measurements of primary ray cosmic nuclear

groups with energy v 109 - 1010 eV, obtained aboard the Proton 2
space station using a Cherenkov spectrometer with zero shading of

the instrument by the Earth, are presented and discussed. Informa- /172
tion on stable operation of the instrument permitted averaging the
data obtained over a long time interval. The intensity values for
the nuclear groups presented in the article exceed by a factor of
two or more the intensities measured by several investigators, pri-
marily aboard balloons during the same time period. On the other
hand, studies performed aboard satellites and interplanetary stations
in which the intensities obtained of particles with Z > 1 and Z > 2

are close to the intensities measured aboard the Proton 2 AES in the
rigidity interval > 1 - 2 GeV/c are presented. The data obtained
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relate to the second half of 1965. We examine the advantages and
disadvantages of the Cherenkov-scintillation method used and the
prospects for further study of primary cosmic ray nuclear fluxes.

UDC 629.78.06

Processing Proton Space Station Scientific Information. V. V. Akimov,
V. V. Beletskiy, V. V. Golubkov, G. N. Zlotin, S. I. Karmonov, I. N.
Kikhadze, V. Ye. Nesterov, V. M. Pokras, V. L. Prokhin, I. D. Rapo-
port, and I. G. Khatskevich.

The characteristic features of Proton AES instrumentation data
complex operation defined the tasks of designing the data processing
system and its mathematical support. It was necessary to develop
both methods and algorithms for processing the Proton AES scientific
information which would permit a significant degree of automation of
the data handling processes. The general scheme of the data process-
ing system consists of several elements: material collection and
systematization; data input into the general-purpose digital computer;
obtaining the quick-look scientific recording, processing, and out-
put of the scientific and navigation instrument telemetry indica-
tions. The techniques for statistical processing of the magnetometer
information and satellite orientation determination are presented in
greater detail. The processing of the scientific instrument indica-
tions with account for their attitude in space is the basic prelimi-
nary data processing result.
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